
UNCLASSIFIED

AD NUMBER

AD890037

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies only; Test and Evaluation; Aug
1971. Other requests shall be referred to
Air Force Flight Dynamic Lab.,
Wright-Patterson AFB, OH 45433.

AUTHORITY

AFFDL ltr, 10 May 1976

THIS PAGE IS UNCLASSIFIED



ADVANCED COMPOSITE JOINTS;

SDESIGN AND ACOUSTIC FATIGUE CHARACTERISTICS

I

'N orthrop) Corpovati on .
11.m~vthornc ( Ca ri i~

TECHNICAL REPORT AFFDL-TR-71-126

Air Force Flight Dynamics Laboratory : :- - 7r
Air Force Systems Command - . 7

C mWright-Patterson Air Force Base, Ohio 1971i~i
C=i

Distribution limited to UL. S. Government agencies only;
test andl evaluation; statement appLied August 1971.
qther requests for this document must be referred to
AF Flight Dynamic Laboratory, (FY) Wright -Pat e rson
AFB, Ohi3 .154330.



AtJiL xF." x - --A

\ ,1 IC \ I Iti L-Itt h; t L~ ill(i II A \- lull \ (2 10[ lt l c I I. tI s r III ")([ . III I t1 1)11c i" ' I( I' Ik IIg ' w II(:tIw ,I .o II r II:II , 1 4Il w u : .I1oI II Il.It.L~ III I I I, F S1 I 1. 1 Il In nc I c 11-s111- ho t e r t IN' 11c r pcr S )11 )I

('pi 1su 1111S !'4Cj)OI P1 SII 1(r h4.) 4  FCI HIn 12(1 I Lnic ss I'ctn PH JS Il'(j LI1I'll )V 512(111 IAf (IlfsltkP;ItlfSio fl I~c~nIAJ Oh)iIIIuNiolS, 01-IMLC Oiltc t n a SIRCel i



I =--

ADVANCED COMPOSITE JOINTS;

DESIGN AND ACOUSTIC FATIGUE CHARACTERISTICS J

II. 1. 1 -1 ( 035'(.\

Northrop Corporation

tiawthorine, California

Air Force Flight Dynamics Laboratory
Air Force Systems Command

Wright-Patterson Air Force Base, Ohio

Distribution limited to U.S. Government agencies only;
test and evaluation; statement applied August 1971.
Other requests for this document must be referred to
AF Flight Dynamic Laboratory, (FY) W right -Patterson

__ AFB, Ohio 45433.WI

17 1



I

FOREWORD

The research work reported herein was conducted by the Northrop Corporation,
Aircraft Division, Hawthorne, California, for the Aero-Acoustics Branch, Vehicle
Dynamics Division, Air Force Flight Dynamics Laboratory, Wright-Patterson Air
Force Base, Ohio, under Contract F33615-70-C-1463. This research is a part of a
continuing effort to establish toltkr-nce levels and design criteria for acoustic fatigue
prevention under the exploratory development program of the AXir Force Systems
Conunand. The effort was conducted tuider Project 1471 "Aero-Acoustic Problems
in Air Force Flight Vehicles" Task 147101 "Sonic Fatigue of Structures in Air Force
Flight Vehicles." Mr. E.A. Tolle was the Project Engineer. This study was per-
formed during the period April 1970 to July 1971.

The manuscript was released by the author in July 1971 for publication, and
assigned the Northrop number NOR 71-114.

The work was performed at Northrop with Dr. M. J. Jacobson serving as the
Principal Investigator under the technical guidance of Dr. C. Hwang - both in the
Structures Research and Technology Departraent - and under the supervision of Mr.
C. Rosenkranz, Manager of the Structures Research and Technology Department,
wherein the analysis and design were conducted. Major tasks were carried out under
the direction of the following Northrop personnel: Mr. D.C. Skilling, who directed the
acoustics and vibration test programs; Mr. G. Meuleman, who directed the metal fab-
rication, tooling fabrication and assembly, welding, riveting, and the manufacture of
the advanced-composite 1-beams, tee sections, and angle sections; Mr. W.M. Wochos,
who directed the manufacture of the acoustic test panels, the layup and bonding of the
advanced-composite laminates, and the manufacturing and tests for obtaining the me-
chanical and physical properties of the advanced-composite materials; Dr. W. S. Pi
and Mr. J.R. Yamane, who directed the use of the dynamic stress analysis, finite
element computer programs; and Dr. N.M. Bhatia who directed the use of the
advanced-composite computer programs.

This technical report has been reviewed and is approved.

~ii



ABSTRACT

The results of an interrelated analytic investigation, acoustic test program, and
shaker test program tQ develop informaton on the design and acoustic fatigue character-
istics of joints with advanced-composite materials are presented. Three ninc-bay,cross-
sLiffened, graphite-epoxy panels with a six-pl. skin and a central bay with nominal
dimensions of 10.0 x 7.0 x 0.03 inch were designed and manufactured. The panels were
tested to obtain acoustic response and acoustic fatigue data. The final two of the three
tested panels survived 100 hours (the planned runout time) of exposure in a broad-band
1(i db SPL acoustic environment; the first panel experienced a premature acoustic

fatijue failure that was attributed to a design and manufacturing deficiency that was
corrected for the other two panels. A shaker test program was conducted to demon-
strate that S-N data for acoustic fatigue predictions can be obtained in shaker speci-
men testing which is inexpensive relative to more costly acoustic panel tests. S-N
data that were obtairned in the shaker test program led to a prediction, which was
subsequently confirmed by tests, that the joint assemblies of the flat, acoustic test
panels would not experience an acoustic fatigue failure. In the shaker test program,
six S-N curves were developed and included data obtained with two joint configurations,
either bonded or riveted, and three material combinations with six-ply skins, namely,
graphite-epoxy skin to a graphite-epoxy stiffener, boron-epoxy skin to a titanium alloy
stiffener, and graphite-epoxy skin to a titanium alloy stiffener. The lamina stacking
sequence was the same for all the shaker specimens. A simplified theory for hand
calculation predictions of dynamic stresses in an unstiffened orthotropic plate subjected
to a spatially uniform, white noise environment was developed and successfully applied
in the dynamic analysis of the cross-stiffened, graphite-epoxy test panels. Other
principal items in the analytic investigation included the use of a finite-element computer
program for the predi-tion of the cross-stiffened panel response to acoustic excitation
and another finite-element computer program for the static stress analysis of bonded-
joint assemblies to determine the acoustic fatigue critical component of the joint as-
semblies. The effect of the experimental multimodal response of the acoustic test
panels was considered in predicting the absence of an acoustic fatigue failure in the
two acoustic test panels that survived the 100 hours of acoustic exposure.
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E Young's modulus of isotropic material psi

1  Young's modulus in the direction of the fibers psi
of a unidirectional advanced-composite

laminate
E 2  Young's modulus (inplane) in the direction psi

transverse to the fiber - in a unidirectional

laminate

EX E v  Young's modulus parallel to x and y axes, psi
rc pectively, of an orthotropic laminate

e, € x 9 ey Extensional strain inch/inch

e e Shear strains inch/inch

e Strain in y-direction at the center of a inch/inch
rectangular plate edge that is parallel

to the x-axis
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SYMBOLS UNITS

e 2  Strain in x-direction at the center of a rectangular inch/inch

Eplate edge that is parallel to the y-axisI
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f Frequency Hz

G Shear modulus of isotropic plate; inplane psi
shear modulus of orthotropic plate

Gin, G2 n Shear moduli including the direction normal psi
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g Gravitational constant (386 inch/sec2  inch/sec
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0. Thermal coefficient of expansion of i member inch/inch/F
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th mmeToal expansion of i member inch

*T mebeFree thermal expansion of ith member inch

E Matrix of strains inch/inch

Nondimensional viscous damping factor

n Generalized deflection coordinate inch

0 Nondimensional beam function parameter

0 Angular measure degree

{ K Matrix of curvatures inch 1

V Poisson's ratio

Poissonis ratio (ratio of the induced strain in
1the 2-direction due to an applied strain in the

I-direction)

p Mass per unit volume lb sec2 'inch 4

al, c2  Ultimate strengths psi

a Maximum stress psi
max

"yield Extensional yield stress psi

r Time sec

Shear stress psi

yield Shear yield stress psi

0 €Clamped - clamped beam function

Power spectral density of stress psi" sec

xviii

Li



SYMBOLS AND NORMAL UNITS (Continued)
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O'd( M] Matrix of cross-power spectral density of inch 2 sec
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Matrix of cross-power spectral density of lb sec
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I. IN71RODUCTION

High modulus type fiber materials arc under development for use on aircraft
components such as skin panels, substructural parts, fairings, etc. Many of these
components are exposed to high inte-nsity noise fields generated by the aircraft pro-
pulsion system and aic subject tc icoustic fatigue. In order to develop acoustic fatigue
design information on filament-type materials and structural configurations such as
panels and joints, it is necessary to investigate typical configurations for various
fiber reinforced materials and designs. For example, in the analytic and experimental
program that was conducted under Contract F33615-67-C-1672 (Reference 1), it was
demonstrated that honeycomb panels with cross-plied boron-epoxy facings (two plies
per facing) resisted acoustic loading longer than equivalent-weight and -thickness
honeycomb panels with aluminum alloy facings. However, there has been a scarcity of
comprehensive investigations on the acoustic fatigue of structural elements with fiber
reinforced components.

The objective of this program was to develop design information for filament
type structural configurations employing advanced-composite materials that are pro-
jected for use in high noise level areas of the vehicle; and this effort concentrated on
an analytical and experimental investigation of the dynamic and fatigue characteristics
of joint assemblies (which are defined below) utilizing high strength fiber materials.
Besides developing fatigue curves (S-N curves) for joint assemblies of two different
configurations with varying composites of fiber materials, the program also included
the acoustic fatigue life investigation of three larger cross-stiffened structural sec-
tions of projected aircraft structures characterized by minimum practical thickness
composite materials as skin and utilizing joints. During the process, important
parameters governing the acoustic designs have been established and documented.

The program followed a combined analytical and experimental approach to achieve
broad applicability. The analysis was conducted to identify and determine numerically
the design parameters. The test program covered experiments using both mechanical
(shaker) and acoustic pressure field excitation. Thc test data were organized and
evaluated to validate the analytical predictions. In order that the experiments would
generate meaningful information for realistic aircraft application, careful attention was
given to the design of the specimens, the fabrication methods, and the test procedures.

A joint assembly was defined for this program as encompassing the joint and the
adjacent internal structure and skin. As distinct from internal structure, which by
definition for this program comprises ribs, spars, stringers, etc., a joint has been
defined for this program as a connection or intersection between two structural mem-
bers - such as between the skin and a stringer, and between the skin and a rib or a
spar - as considered for use in lightweight aircraft structure utilizing high-strength
fiber materials. For skin-rib-stringer type structure with advanced-composite com-
ponents, it is quite possible that in many instances the critical acoustic design item
is at or close to the joint. Since an advanced-composite skin can be considered a
layered assembly with interiaminar strength provided by the resin system, and since



it may be bonded or riveted to advanced-composite or metallic internal structure (with
appropriate local reinforcements), the failure modes that are not expected when ho-

mogenous metal structures are used may be experienced at or near the joints.

tst acoustic fatigue investigations (for example, References 2, 3, 4) principally
have been concerned with the design of skins of conventional (metallic) aircraft structure.
A by-product of the analytic work condur-'ed in this program Is a method of analysis that
is applicable in the design of conventional (metallic) panels.

This document summarizes the ipt-rrelated analytic investigation, acoustic test
program, and shaker test program that were conducted to achieve the overall program
ol)jectivc with all of the contracted work conduct'd at the Northrop Corporatior,,
Aircraft Division. In Section II is a discussion o, several major items that wore con-
sidered during the formulation of the program. A review of the design and manufac-
turing of the acoustic panels and shaker specimens for the test program is in Section
II1, The approach in conducting the acoustic test program is covered in Section IV.
A detailed review of the acoustic tests of three large cross-stiffened panels and a
discussion of acoustic fatigue life prediction are in Section V. The review of the shaker
test program is in Section VI. in Section VII is the development of a simplified and a
general stress analysis method, both of which were used in predicting the stress and/
or strain response of the acoustic panels. In Section VIII are applications of theo-
retical stress aialyses of joint assemblies. The summary and conclusions draw'n at
the end of the program are in Section X. A detailed description of the advanced-
composite materials used in the test program are in Appendix A.
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II. GENERAL CONSIDERATIONS

Important items that were considered during the formulation and conduct of

various phases V "program are discussed in this section.

II. 1 ANALYTICAL METHODS

Considerable emphasis is placed on analytical methods in the establishment of
the design of stiffened panels for service in acoustic environments. Emphasis is
placed on analysis because it is impractical (especially in the case of the costly advanced-
composite materials) to conduct a sufficient number of tests to generate enough empirical
data for establishing acoustic design procedures for jeints encompassing all of the many
parameter variations that may exist in actual practice. Furthermore, in order to
extract the maximum amount of information from a limited number of test specimens,
a carefully conducted analytical effort is needed to guide and validate the soundness of
the test approach throughout the program.

The use of advanced-composite materials at structural joints necessitates the
application of more advanced analysis methods than in cases where metallic skin and
internal structures are used. This necessity is du-e to the corresponding analytical
complexities associated with material properties and variations in fiber orientation
through the laminate thickness. Therefore, several available finite element computer

programs that had been previously developed for the analysis of orthotropic structures
were used extensively in the analytic investigations conducted to obtain theoretical data
in this effort.

11. 2 S-N CURVES FOR A JOINT ASSEMBLY

In Section I, joint, internal structure, and joint assembly were carefully defined.
An acoustic failure of a joint assembly may occur in the skin, or in the internal struc-
ture, or in the joint (for example, in the adhesive of a bonded joint).

For an S-N curve of a joint assembly to have meaning, it is necessary to define
S. In simple coupon fatigue tests of homogeneous materials, S is usually defined as
the applied stress. However, for the joint assemblies of panels and beams such as
were tested in this program under acoustic or shaker excitation, S is more difficult
to define. For example, if failures occur in the skin, S should be related in some
manner to the stress or strain in the skin; if failures occur in the adhesive, S should
be related in some manner to the stress or strain in the adhesive. The generalization
of this concept is that S should be related to the stress or strain in the fatigued com-
ponent of the joint asserably.

The experimental fatigue failures in the shaker test program were instrumental
i defining S as the strain in the outer fiber of the skin (where fatigue failures occurred)

of the joint assembly.
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Tlhe location of the initial failure in a joint assembly of an acoustically loaded
panel can be estimated by first predicting (possibly with a finite element computer
program) the stress or strain response at all reference points and comparing those
stresses or strains with the known or assumed stress or strain states that produce
failure at each point in order to predict the location of the weakest point in the joint
assembly. For a point with a bixial or triaxial stress state, the exact state of stress
or strain that will produce failure has to be estimated until one has sufficient confidence
in the material properties of the panel and in biaxial and triaxial strength theories.
Finally, if satisfactory S-N data were available for the material at the location of
failure, life could then be predicted. This two step method of first predicting strain
and then predicting life was used in this program.

For the test program, strains were predicted at various locations of specimens
under acoustic excitation. To obtain confidence in the validity of the theoretical pre-
dictions (especially when advanced-composite materials are considered), a portion of
the acoustic test program was directed toward obtaining experimental strains to con-
firm the theoretical strains. In general, there is a problem in establishing the location
of strain gages, since gage data are unreliable when the gages are in areas of rapidly
varying stress, such as in areas of stress concentration where failures often occur.
In view of the above considerations, some strain gages were at locations such as in
the middle of bays and in stiff regions where it was expected that stress concentrations
would be insignificant.

Furthermore, since the use of composite materials for the skin and/or stiffener
may also lead to substantial stress concentrations that are of more importance than
when the skin and stiffener are metallic, stress concentrations in the joint assembly
were investigated. The stress concentration is a functionprincipally of the ply layup,
the transverse shear modulus and strength, and the extensional modulus and strength.
For example, in uniaxial tensile couons for which tests have been conducted with
composite specimens featuring holes and reinforcing doubters, failures have occurred
in the basic specimen because of the high stress concentration in transferring load
from the specimen to the doubler.

I. 3 CHARACTERISTICS OF DYNAMIC MODES OF PANELS WITH STIFFENERS

in the development of acoustic fatigue de;ign infoimation for the joints, a pre-
liminary review of typical joint configurations of reprcsenttive panels subjected to
acoustic pressure was conducted. In addition, vibratory characteristics (in particular,
the mode shapes and stresses) of beams and panels with the joints were considered.
Some of the mode shapes that may occur are shown in Figure 1, where symmetry
refers to the mode shape within a bay, and phase refers to the phase relationship of
adjacent bays.

The symmetric, in-phase mode of a flat panel (Figure la) is apt to be excited

when the stiffeners (stringers, ribs, or for-mers) have a high flexural rigidity and
torsionai rigidity; therefor:, they do not bend or twist appreciably during excitation.
The symmetric, out-of-phase mode (Figure 1b) is apt to be excited if the stiffeners
have a high bending rigidity but low torsional rigidity. The intermediate mode (Fig-
ure 1c) is apt to be excited when the stiffeners have a low bending and torsional
rigidities. These modes have also been reported elsewhere (e.g., Reference 5).

4
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SYMMETRIC, IN-PHASE
(at) r. (SYMMETRICAL STRINGER

BENDING MODE)

SYMMETRIC, OUT-OF-PHASE
(b) (SYMMETRICAL STRINGER

TORSION MODE)

(C) INTERMEDIATE

FIGURE 1. SIMPLE, IDEALIZED MODE SHAPES

When the stiffener bends or twists appreciably, the stiffener motion may introduce
significant inertia forces in the joint. These inertia forces may play an important role
in acoustic fatigue although they did not appear to be of primary importance in the test
program. For example, when a stiffener rotates, the inertia forces may produce cor-
sider-able bending stresses at the root of the stiffener web (Figure 2a). When the stif-
fener vibrates perpendicular to the plane of the skin, the inertia forces may exert a
sizable bending in the skin at the joint extremities and consequently high shearing
stresses may exdst in the adhesive at the ends of the joint (Figure 2b). Additionally,
the limited interlaminar strength of composites may induce local failures (for example,
delaminations) that are not found in metal structure. It appears that finite element
computer program analyses with programs such as SAAS-I1 can be conducted to predict
when the inertia forces from the bending of a stiffener will be instrumental in producing
fatigue failures in a joint assembly. SAAS-II was developed over a period of years with
sponsors including NSF and NASA. The present version that was used in this program
was developed by R. M. Jones and J. G. C rose at Aerospace Corporation and includes
plane-stress and plane-strain options.

INERTIA FORCES

SKIN SURFACE -

INERTIA FORCES

FIGURE 2. MODES WITH SIGNIFICANT INERTIAL FORCES
IN THE STIFFENERS
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II.4 SHAKER VERSUS ACOUSTIC EXCITATION

In order to conduct shaker tests to obtain acoustic design information, it is
necessary to establish carefully the specimen design and test procedure for shaker
excitation. The designs of the acoustic test specimens and the shaker test specimens
were based on obtaining experimentally the same key parameters (including modes of

failure) in acoustic test specimens as in shaker test specimens. By following this pro-
cedure, considerable acoustic design information has been obtained by conducting
shaker tests to supplement the data generated in the acoustic tests.II

There were more specimens for shaker tests than for acoustic tests in the test
program, even though the ultimate program objective was to obtain acoustic fatigue
design information. The reasons for this were as follows:

1. Less material is required in a shaker test program since specimens are
smaller and less complex. This reduces costs appreciably since advanced-
composite materials are rather expensive.

2. Less labor is required to fabricate the smaller and less complex specimens.
This too reduces program costs.

3. Less labor is required in a test program which includes multiple-specimen
shaker tests but individual acoustic tests.

4. Closer control of the planned excitation spectra is possible.

Since shaker test programs are less costly for a fixed number of test specimens
and since shaker tests can provide stress or strain versus life data for a joint assembiy

that are applicable to joint assemblies in panels under acoustic loading, the use of
shaker tests was employed to obtain S-N data for the joint assemblies.

11.5 NARROW-BAND VERSUS BROAD-BAND EXCITATION

The shaker tests were conducted under narrow-band excitation. The advantages
of narrow-band excitation as opposed to broad-band excitation are as follows:

1. It takes less time, for a given power input, to produce a failure if the
excitation frequency is at or close to the specimen's fundamental frequency.

2. It is easier to compare the fatigue life of the shaker test specimens with
lives of coupons that have been tested under constant amplitude-constant
frequency excitation, which is the more common method of excitation.

3. It is reasonable to expect the experimental strains to occur at essentially
one response frequency. Hence a unique random S-N point is obtained in
contrast to the situation of broad-band excitation with multi-modal response
for which some average frequency must be defined.

The disadvantages of narrow-band excitation as opposed to broad-band excitation
are:

6

,



1, Broad-band excitation is more typical of aircraft loading; however, in gen-
eral it may be difficult orimpossible to conduct the acoustic tests under an
arbitrarily defined spectrum, whereas in shaker tests the load spectrum
may be controlled in a more precise manner.

2. There is an additional task to convert, analytically or empirically, the S-N
data obtained under narrow-band loading to S-N data under broad-band ran-
dom loading.

3. Careful monitoring of the fundamental frequency is necessary, and if the

fundamental frequency drifts during testing, either it must be restored to
its initial value through manual adjustment, or the driving frequency must
be adjusted to maintain excitation at the new fundamental frequency. The
drift in fundamental frequency becomes more critical when specimens aretested simultaneously.

The shaker tests were conducted in the Northrop Vibration Test Laboratory under
narrow-band excitation, since after careful consideration it was considered that the
advantages outweighed the disadvantages.

The acoustic tests were conducted in the Northrop Progressive Wave Acoustic
Test Chamber under broad-band excitation. Since the shaker tests were conducted
.under narrow-band excitation and the acoustic tests under broad-band excitation, the
excitation spectra were recognized in the assessment of the experimental fatigue data.

11.6 CONFIGURATION AND MATERIAIS

In the shaker test program, an adhesive-bonded joint was used for one joint con-
figuration and a riveted joint for the other. These two configurations are typical of
configurations projected for use in aircraft applications. In addition, the following
material combinations ("stiffeners" refer to shaker specimen components that simulate
either ribs, spars, or stringers, etc.) were used:

1. Graphite-epoxy skin .o graphite-epoxy stiffeners.

2. Graphite-epoxy skin to titanium alloy stiffeners.

3. Boron-epoxy skin to titanium alloy stiffeners.

The use of either three-bay, stiffened panels (with two parallel stiffeners dividing
the panel into three rectangular bays) or nine-bay, cross-stiffened panels was con-
sidered for the panels in the acoustic test program. The decision was made to fabricate
and test the nine-bay, cross-stiffened panels since they were more representative of
larger sections of aircraft structure.

The Fothergill/Harvey Courtaulds HT-S/4617 graphite-epoxy system and the
Narmco 5505 boron-epoxy system were selected as the advanced-composite materials
for the test program.

FM-123-2 adhesive (0.085 psf) was chosen for bonding the advanced-composite
skins to the internal scructure in joint assemblies of the acoustic panels and shaker

7
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specimens. FM-123-2 was chosen because of its low modulus and relatively low
curing temperature (250F).

EC 2216, a room temperature curing adhesive, was used in peripheral areas
that were not part of the test sections of the acoustic panels and the shaker specimens.
When the EC 2216 adhesive was used rather than FM-123-2 adhesive in the acoustic
panels, it was chosen to avoid residual thermal stresses resulting from the cooling
from an elevated bonding temperature. When the EC 2216 adhesive was used in shaker
specimen assemblies, it was selected because of the ease in conducting me bonding
operation.

8



III. DESIGN AND MANUFACTURE OF ACOUSTIC

PANELS AND SHAKER SPECIMENS

I. 1 ACOUSTIC PANELS

Three test panels were fabricated for the acoustic test program and they were
identified as panels A-GG-B-1, A-GG-B-2, and A-GG-B-3. The letters in the panel
identification are descriptive of the following: Acoustic panel with a Graphite-epoxy
skin and Graphite-epoxy internal structure with Bonded joints. The number in the
coding indicates the particular test panel; for example, panel A-GG-B-3 is the third
of the three acoustic test panels. The design of the acoustic test panels is described
below:

The three acoustic test panels were assembled with 6-ply [ 0/ ±45] S graphite-

epoxy skin and 6-ply [±45/0] S graphite-epoxy I-beams and tee sections. In the

assembled panel, the 1-beams simulated ribs and the tee sections simulated stringers.
Tne graphite-epoxy details that were chosen, as well as numerous detail variations ofthem, are expected to see considerable use in aircraft structure.

Adhesive-bonded skin/rib and skin/stringer joint configurations were chosen for
the acoustic test panels, since the potential weight savings in using adhesive-bonded
joints is attractive. It is anticipated that the design details discussed below will per-
tain to advanced-composite construction in lightly loaded and acoustic critical structural
areas. As a matter of general policy, the internal structure must be designed care-
fully to avoid stress concentrations and early peeling and delamination of the joint
assembly when the skin is subjected to acoustic loads in order to achieve the potential
weight savings. Symmetric internal structural elements are used in service applica-
tions of metallic materials and are ex-pected to be used in service applications of
advanced-composite materials since the symmetry tends to decrease the nonsymmetric
(torsional) loading at the joint, and, therefore, promotes longer life. The flanges of
tht internal structure may be scarfed to reduce the stress concentration at the edges
of the flanges when the flanges are bonded to the skin, although the edges of the flanges
were not scarfed in this program because of the thin flanges.

Each acoustic test panel was cross-stiffened and contained nine rectangular
bays in a three by three array. Each acoustic test panel was said to have a test sec-
tion and a fixture section, with the test section including the skin and joint assemblies
enclosed by a rectangle drawn through the centers of the exterior eight bsys. The
fixture section included all of the panel area exterior to the panel test section.

The design of the initial test panel, A-GG-B-1, is given in Figure 3 (Draw-
ing ACD-G-237). Panel A-GG-B-1 was manufactured and during the acoustic test
experienced a premature acoustic fatigue failure. The panel design was "hen modi-
fied according to Drav, ing ACD-G-238 (Figure 4) and panels A-GG-B-2 and A-GG-B-3
were manufactured according to the modified design that is discussed in detail in
Section III. 1. (b). Panels A-GG-B-2 and A-GG-tR-3 were subjected to approximately

810 cycles (the predetermined runout point) without experiencing an acoustic fatigue
failure in a panel tet section.

A description of the manufacturing of the three acoustic test panels follows.

9
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Ill. 1. (a). Manufacture of Panel A-GG-B-1

TOOLING AND FLXTURES. Lay up tools were fabricated for use in manufacturing
the I-beam and tee section components of the acoustic test panels and vibration speci-
mens. An assembly jig and bonding tool were fabricated for the acoustic test panels.

FABRICATION OF THE GLASS DOUBLER. For panel A-GG-B-1, a 13-ply glass
doubler (-39 detail of Figure 3) was fabricated using Narmco 500/1581 E glass.
Thirteen plies were used rather than twelve plies of the -39 detail in order to use an
existing flat plate as part of the bonding tool and to eliminate the possibility of intro-
ducing curvature in the bonding tool by machining 0. 008 inch from the flat plate.
Each glass Ay was layed up in its flat sheet shape without overlaps or butt joints and
with the appropriate center cutout for the -39 detail. A layer of Mil-Tex No. 3921 peel
ply was applied to the bonding surface of the glass laminate to obtain a good bonding
surface to the -3 graphite-epoxy skin. The glass laminate was bagged and autoclave
cured for 90 minutes at 250F with 60 psi/vented vacuum. Upon completion of the cure,
the doubler was trimmed to produce a hollow rectangle with each outer edge dimension
.wo inches longer than the corresponding edges of the titanium frame detail.

FABRICATION OF THE GRAPHITE-EPOXY SIN. A six-ply [0/ tf45]S, -3

detail skin was fabricated using the Fothergill/Harvey Courtaulds HT-S/4617 graphite-
epoxy prepregged system to produce a 30 x 20-inch rectangular skin. The Mil-Tex
No. 3921 peel ply was applied to obtain a good bonding surface to the titanium alloy
frame and the cross-stiffened graphite-epoxy I-beams and tee sections. The skin was
bagged and autoclave cured for three hours at 350F with 100 psi/vented vacuum. After
cure, the skin was trimmed to produce a rectangle with each edge dimension two inches
longer than the corresponding edges of the titanium frame detail. Four -37 details
were machined out of the excess trim skin material.

FABRICATION OF THE GRAPHITE-EPOXY I-BEAMS AND TEE SECTIONS. The
layup of the 6-ply graphite-epoxy I-beams and tee section~s (-9 and -11 details) is shown
in Figure 5. Note that in the layup of 6-ply I-beams, it is impossible to obtain simul-
taneously symmt.try of layup about the center plane of the web and about the center plane
of each of the flanges. Likewise in the layup of 6-ply tee sections, it is impossible to
obtain simultaneously symmetry of layup about the center plane of the head of the tee
and about the center plane of the leg of the tee.

!. ochematic drawing of the assembly of an I-beam is shown in Figure 6. The
I-bea. ,s were fabricated in the following manner. Three plies each for the web and
one-half of the flanges were laid up in the flat to the orientation shown in Figure 5.
Each 3-ply layup was then formed about a silicone rubber plug. Three additional plies
were then laid up to the required orientation and added (after filling the void at the
center of the flanges with a small bundle of the 0* graphite-epoxy material) to the pre-
vious 3-ply layups on the silicone rubber plugs. The rubber plugs were then confined
inside steel tooling, pressurized to 100 psi on the graphite-epoxy plies, heated to
350F, and cured for three hours to produce the I-beams. The fabrication of the tee
sections was conducted in a like manner (except for the absence of a flange) to the
fabrication of the I-beams. After cure the !-beams and tee sections were trimmed to
size and assembled as the cross stiffened detail (Figure 5) in the assembly jig.
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iii

FABRICATION OF ACOUSTIC TEST PANEL A-GG-B-1. Prior to bonding panel
A-GG-B-1, all details were prefitted in the bonding tool to ensure good mating surfaces.All glass and graphite--epoxy bonding surfaces were stripped of their peel ply or sanded
with 250 grit sand paper when there was no peel ply, and then wiped clean with M. E. K.

The titanium alloy details were cleaned and phosphate coated prior to bonding. FM-123-2 adhesive film was applied to all bonding surfaces. The assembly and bonding
procedure follows.

1. The base plate of the bonding tool, MRD 70-64 (Figure 7) was sprayed with
MIS-122 fluorocarbon release agent and covered with teflon glass coated cloth.

2. The fiberglass doubler (Figure 8) detail was aligned on the base of the
bonding tool (Figure 9).

3. The graphite-epoxy skin (Figure 8) was aligned on top of the glass doubler
in the bonding tool (Figure 10).

4. The titanium alloy Z and angle frame (Figure 11) was then placed on top
of the graphite skin and aligned using the preset aligning bolts incorporated
into the side plates of the bonding tool (Figure 12).

5. The self-aligning cross-stiffened graphite-epoxy detail (Figure 11) was then
positioned into the titanium alloy frame. This completed the assembly
(Figure 13) in the bonding tool.

6. The graphite-epoxy skin surface in the interior of the panel assembly was
covered with teflon coated glass cloth. The assembly was then filled with
glass impact beads and wood blocks to obtain positive pressure during cure.

7. Osnaburg cloth was used to pad the bead filled assembly prior to closing
the assembly with a steel pressure plate.

8. The panel assembly and bonding tool were covered with Osnaburg cloth and
bagged.

9. The final assembly was then autoclave cured for one hour at 250F with
35 psi/vented vacuum.

10. After completion of the cure and removal from the bonding tool, the final
riveting and trimming operations were performed.

INSPECTION OF PANEL A-GG-B-1 AS MANUFACTURED. After the cure was
completed, it was noted that :he skin had a noticeable oil can in the center bay. The
oil can was attributed to residual stresses resulting from the bonding operation.
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i 1I. 1. (b) Plan for Manufacturing Panel A-GG-13-2

,Based on the acoustic test results of panel A-GG-B-1 and an analytic investlga-
tion, it was apparent that changes (from panel A-GG-B-1) were needed in the configura-

tion and manufacturing process of the fixture section (i.e., the peripheral portion) of
the remaining acoustic test panels but that no changes were necessary in the acous.ic
test section (i.e.. the central bay and adjacent parts of the outer bays). The changes
described below were intended to guard against both oil canning of the panel in the
manufacturing process and obtaining a fatigue failure in the fixture section during the
acoustic test.

The following plan was therefore proposed for the manufacture of panel A-GG-B-2:

1. Manufacture the tee section and I-beam details with no design change from
these details of panel A-GG-B-1.

2. Manufacture the 6-ply skin with no design change from the skin of panel
A-GG-B-1.

3. Manufacture the clips and doublers (no design change from panel A-GG-B-1)
for attaching the tee section and I-beam details to each other and to the skin.

4. Manufacture a stepped graphite-epoxy doubler (l'igure 14) to replace the
glass doubler (Section H-H of Figure 3). The purpose of replacing the glass
doubler with the graphite-epoxy doubler was to guard against the mismatch
of thermal coefficients of expansion of the skin and doubler of panel A-GG-B-1
when the bonding between these two items is conducted at 250F. The alter-
nate approach of using the glass doubler and bonding the glass doubler to the
skin with a room temperature curing adhesive was rejected, since the lower
strengths of room temperature curing adhesives might lead to the initial
acoustic fatigue in the fixture section. The length of the final step of the
graphite-epoxy doubler was chosen to be at least as great as one-half the
width of the flange of the I-beam sections in order to reduce the likelihood of
a fatigue failure at the junction of the unsupported skin and the peripheral
doubler. Furthermore. a 4.00-inch radius (in place of the 2.00-inch radius)
was proposed for the corners of the graphite-epoxy doubler of panel A-GG-B-2
to guard against corner cracks.

5. Assemble the details in items 1-4 and bond the graphite-epoxy doubler
(item 4) to the s:in and bond the skin to the tee section and I-beam details
with FM-123-2 adhesive at 250F. Use glass impact beads to obtain the
pressure during bonding.

6. Manufacture the peripheral titanium alloy members and steel clips with no
desigr. change from these peripheral members of panel A-GG-B-1.

7. Assemble the titanium alloy edge frame and bond the titanium alloy edge frame
to the already bonded assembly of the skin, tee section and I-beam details,
and graphite-epoxy doubler. For this bonding operation, the EC 2216 room
temperature curing adhesive was chosen. The room temperature curing
EC 2216 adhesive rather than the 250F -uring FM-123-2 adhesive was chosen
to guard against oil canning of the acoustic test panel during the cool down
from the bonding of the titanium alloy material to the graphite-epoxy mate-
rial with dissimilar thermal coefficients of expansion. The acoustic test

tE 26

.



14w-L .0*4] SKN -. (R____F)_

II
I
i

I I 
2

40 6-PLY [O [0+ SKIN -3 (REF)

-I'

II

2 I2

L4 - i n i ,-

i I -' I ;II I II
I F .

I -

-orientation of the sin. Dimensions show
are constant arounid the doubler. The 11rn'1nal thickness of the six-ply steps is 0.0
inch per six-ply step. All graphite-epoxy
material is Fothergill/Biarvey Courtaulds
HT-S/4617.

FIGURE 14. GRAPHITE-EPOXY DOUBLER CROSS SECTION TO REPLACE
SECTION H-H OF FIG"-RE 3

27



results of panel A-GG-B-I indicated that the bond betw.en the titanium alloy
frame and the graphite-epoxy skin and tee section details was less severely
loaded than the bond between the glass doubler and the skin, and, therefore,
the EC 2216 adhesive woild perform adequately during the acoustic test.

8. Perform the final riveting and trimming operations as was done for panel
A-GG-B-1.

No increase in the number of plies of the skin was recommended since more plies
would reduce the likelihood of a skin failure in the acoustic fatigue test. No decrease
in the number of plies of the skin was recommended since it was anticipated that sLze-ply
skins will likely be used more often than four-ply skins in hardware applications. No
acoustic fatigue failure was anticipated in the six-ply tee section and I-beam details
and therefore there was no change in their design.

III. 1. (c) Manufacture of Panels A-GG-B-2 and A-GG-B-3

REJECTION OF CROSS-STIFFENED COMPONENT OF PANEL A-GG-B-2. The
fabrication of the second acoustic panel proceeded according to the plan described in
I1. 1. (b), but was halted following the FM-123-2 bonding (in one operation) of the skin

to the stepped graphite-epoxy doubler and to the I-beam and tee section stiffeners
with the following observations:

1. The siin was flat foliowing the bonding, i.e., there was no oil canning.

2. The bond of the skin to the graphite-epoxy stepped doubler (see Figure 15)
was satisfactory as evidenced by a visual inspection and a Fokker-bond test.

3. The bond of the graphite-epoxy skin to the graphite-epoxy I-beam and tee
section details and the -37 doublers was unsatisfactory ir several areas
as exidenced by a visual inspection (see Figure 16) and a Fokker-bond test.
The areas between the arrov's of Figure 16 represent areas of defective
bonds.

Because of the unsatisfactory subsassembly in item 3, above, the fabrication of
acoustic panel A-GG-B-2 was halted to determine the cause of the defective subas-
sembly and to plan remedial action. It was deemed unwise to ignore the defect or to
attempt to repair the defect and utilize the subassembly in Panel A-GG-B-2, since it
was considered that not enough worthwhile data would be obtained from the acoustic test
to justify the cost of the final panel assembly, the instrumentation for the acoustic test,
and the acoustic test itself.

The cause of the defect in the bonded subassembly was attributed to nonuniform
pressure applied in the bonding operation, which may have existed (although to a lesser
degree) during the fabrication of acoustic panel A-GG-B-1. (The premature fatigue
failure of the acoustic panel A-GG-B-1 was finally attributed to nonuniform pressure
during the bonding as well as to residual thermal stresses induced in the fabrication
of panel A-GG-B-1 and to a biaxial stress state that existed during the acoustic test of
panel A-GG-B-1).

The fabrication technique with the use of beads to apply pressure that had been
proposed for the fabrication of panels A-GG-B-1 and A-GG-B-2 was based on the belief
that the fabrication method, which was relatively inexpensive, would produce high
quality advanced-compesite panels for acoustic test. The application of beads to apply
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FIGURE 15. VIEW OF GRAPHITE-EPOXY SKIIh A2ND STEPPED DOUBLER OF

BON'DED SUBASSEMBLY
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FIGURE 16. VrEW OF CROSS STIT'FENERS OF BONDED GRAPHITE-EPOXY
SUBASSEMBLY
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the pressure during bonding had been successfully used in small programs of bonding
metallic panels when it was uneconomical to fabricate precision form blocks that were
needed in transmitting vacuum or autoclave pressure to the assembly. Because of the
lack of success with the use of beads to obtain a satisfactory bond, the method outlined
under Remedial Action below was then formulated as the preferable approach to ob-
tain the desired uniform pressure to produce acoustic panel A-GG-B-2.

REMEDIAL ACTION. Various procedures (without changing the acoustic panel
design) were considered for the successful fabrication of acoustic paneli A-GG-B-2
and A-GG-B-3. The procedure described below was chosen and resulted in the suc-
cessful manufacture of panels A-GG-13-2 and A-GG-B-3.

1. Fabrication of Graphite-Epoxy Doubler and G-Ply Graphite-Epoxy Skins

The graphite-epoxy doubler and 6-ply graphite-epoxy skin were fabricated as
previously and trimrri.d to allow for final machining to the titanium frame
dimensions.

2. Fabrication of Doubler/Skin Bond

(a) The skin was laid up on a flate plate and the surface area to be bonded
was sanded and MEK wiped.

(b) The layer of FM-123-2 adhesive was placed on the doubler top face to
be bonded. All graphite-epoxy surfaces to be bonded were light-sanded
and MEK wiped.

(c) The doubler was laid down on the skin surface and taped to insure index
position.

(dl The entire assembly was then vacuum bagged, checked and cured for
1 hour at 250F at 30 psig. Thermocouples were placed on the doubler
and on the skin to obtain thermal differentials during cure.

(e) After cure, the doubler/skin assembly was checked for warpage, etc.

The adhesive flash was trimmed prior to the next steps.

3. Fabrication of Tee Section Details cn Doubler/Skin Assembly-Prefit and Bond

(a) The entire tool surface was covered with one layer of nonporous armalon
and Lhe doubler/skin assembly was laid up on the tool. The surfaces to
be bonded were indexed; however, neither sanding nor MEK wipe was
performed.

(b) A simulated adhesive was placed on the surface to be bonded and the
tee sections were lqid up and taped in place.

(c) The entire assembly was then vacuum bagged and cured using the cure
cycle detailed in Step 2-d. Thermocouples were placed as above.

(d) Upon completion of cure, the degree of uniformity of s-. .ated adhesive
deformation resulting from the pressure was ascertained.

(e) Any shimming required was performed and the entire sequence (Steps
3-a thi'ough 3-d) repeated until the desired uniformity resulted.
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(f) After completion of the profit sequence, FM-123-2 adhesive was used
and the cure accomplished as in Steps 3-a through 3-d.

4. Fabrication of [-Beam Details on Doubler/Skin Assembly - Prefit and Bond

(a) All titanium alloy rivet backup plates were phosphate-fluoride etched
and cleaned and adhesive placed on the surfaces to be bonded.

(b) The 1-beam details were covered on their respective to-be-bonded sur-
faces with a simulated adhesive as in Step 3. These details were then
assembled on the skin/doubler assembly and taped to insure compliance
with the index markings.

(c) A simulated cure cycle as in Step 2-d was performed after vacuum
bagging. Extreme care was exercised to ensure uniform vacuum
pressure on the surfaces to be bonded,

(d) After cure, the degree of pressure uniformity was evaluated and the
necessary shimming performed. Steps 4-b through 4-d were repeated
until the desired uniformity was accomplished.

(e) FM-123-2 adhesive was then placed on the sanded/MEK-wiped graphite-
epoxy surfaces to be bonded and the entire assembly vacuum bagged and
cured as in Steps 4-b through 4-d. All screws used as simulated rivets
to provide alignment were coated with mold release prior to assembly.

5. Fabrication of Titanium Alloy Frame Assembly onto Doubler/Skin Assembly

(a) The titanium alloy assembly (frame) was phosphate-fluoride etched on
the surface to be bonded.

(L) These surfaces were coated with EC 221C adhesive and fitted to the
doubler/skin/sLiffener assembly and simultaneously riveted to the stif-
fener assembly. The bottom flange adjacent to the graphite-epoxy skin was
clamped about the periphery to ensure uniform pressure over the EC 2216
bondline. A dam arrangement was placed or the graphite-epoxy skin in
the outer 8 bays of the test box to ensure againbt flow of the EC 2216 over
onto the skin. The entire assembly was heated to 10OF for a period of
6 hours.

(e) Upon completion of the bonding operation, the panel was final trimmed
to the applicabte drawing dimensions, 10-32 flat head steel machine
screws with elastic stop nuts were installed around the outer periphery
of the panel (as an added precaution against a catastrophic acoustic
fatigue failure), and the panel was delivered to instrumentation and test.

Before choosing thc above fabrication plan, the effecr of multiple cures on the
FM-123-2 adhesive and the graphite-epoxy components was investigated. Data (Figure
17) furnished by the manufacturer of FM-123-2 adhesive had indicated that multicures
do not markedlv affect the tensile shear (i.e., lap shear) strength of FM-123-2 adhesive
with 301 stainless steel adherends. In addition. quality.control tests with FM-123
adhesive and graphite-epoxy adherends conducted by Northrop under three-stage multiple
cures for another program had produced no evidence of significant degradation of the
adhesive or adherends. Therefore, it was believed that the multiple cure of adhesive or
adhe-rends would not res;ult in significant structural degradation when the fabrication
procedure outlined above was followed.
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ASSEMBLY OF PANEL A-GG-B1-3. The only defect in the rejected cross-stiffened
component (Figure 16) for panel A-GG-B-2 was the adhesive bond between the skin
and I-beam and tee section details. Therefore, it was possible to salvage the I-beam
and tee section details and the graphite-epoxy doublers while destroying the graphite-
epoxy skin and the FM-123-2 bond on both sides of the skin. Following the salvage
operation, a new skin for panel A-GG-B-3 was manufactured and successfully bonded
to the salvaged I-beam and tee section details and graphite-epoxy doubler according to
the bonding procedure that resulted in the successful manufacture of the eross-stiffened
detail of pa-nel A-GG-B-2. The remainder of the manufacture of panei A-GG-B3-3
prior to delivery to test followed the procedure used in manufacturing panel A-GG-B-2
except for minor items that are discussed below.

Class doublers (Figure 181 were bonded around the periphery of the titanium
alloy frame to prevent a frame failure such as had occurred near the end of the acoustic
test of panel A-GG-B-2.

In riveting one clip attaching an I-beam detail with the titanium alloy frame, a
misalignment between holes occurred and resulted in a small crack in the web of the
I-beam near the frame. The crack was reinforced with a glass doc'bier (Figure 19).
Because the crack was in the fixture portion of the test panel, the repair was not
expected to (and apparently did not) affect api,reciably the response of the central bay
or even the response of the t vo bays adjacent t:i the crack.

111. 2 SHAKER SPECIMENS

Ill. 2. (a) Initial Design

An adhesive-bonded joint configuration and a riveted joint configuration were
chosen for the test program. In the riveted join:t configuration, a titanium alloy rein-
forcement was bonded to the skin prior to the riveting operation. The reinforcement
was to provide skin thickness for the installation of countersunk rivets in joining the thin
gage skin to the internal structure and for the satisfactory performance of the riveted
joints in a fatigue application. Countersunk rivets were used in the shaker test program
in order to maintain flat surfaces that are expected for service requirements under
acoustic exposure. The two joirA configurations for the shaker test program are re-
presentative of designs used frequently in aircraft.

For the shaker test specimens three skin to internal struetu re material c: om-
binations were chosen. The material combinations and the types of joints are summarized
in Table I.

TABLE I. TYPES OF SHLAKER TESTS

ITERIAL COMBINATiON TYPE OF JOINT
SKIN INTERNAL STRUCTURE

Graphite-Epoxy Graphite-Epoxy Adhesi ve--bonded
Graphite-Epoxy, Graphite-Epoxy Riveted
Graphite-Epoxy 6AI-4V T itanium Alloy Adhesive-bonded
Graphite- Epoxy GAI-4V T itanium Alloy Riveted

_ I

Boron-Epoxy GAI-4V Titanium Alloy Adhesive-bonded
Boron-EpoFP E 6AI-4V Titanium Alloy Riveted c
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Two shaker specimen configurations designated as Candidate A-i specimens
(Figure 20) and Candidate A-2 specimens (Figure 21) were investigated before a
choice was made to proceed with Candidate A-2 type specimens. The detail design
of the specimens in Figures 20 and 21 is in drawings ACD-G-235, ACD-G-236, and
ACD-13-216, which are Figures 22, 23, and 24, respectively.

The left side of Figure 20 presents intormation on shaker specimens simulating
ribs bonded to skin. whereas the right side presents information on shaker specimens
simulating ribs riveted to skin. The planned number of specimens and material
combinations for skins and ribs is at the bottom of each side of Figure 20. The left
side of Figure 21 presents! information on shaker specimens simulatin s,: -,,crs
bonded to skin, whereas the right side presents information on shaker Sl)eciir.-_fns
simulating stringers riveted to skin. The planned number of specimens and material
combinations for skins and stringers is at the bottom of each side of F igure 21.

The discrepancy between the cross sections of ribs (stringers) in Figure 20
(Figure 21) and the ribs (stringers) in drawings ACD-G-235, ACD-6-236, and
ACD-B-216 was inientional. The geometry of the ribs and stringers in Figures 20
and 21 are expected in service. Because in the experimental shaker program to be
discussed subsequently, the ribs (stringers) were to be clamped to the test fixture,
only the portion of the rib (stringer) between the clamp and skin was to be fabricated
as shown in drawings ACD-G-235, ACD-G-236, and ACD-B-216.

For Candidates A-1 and A-2 shaker specimens, the end,- of the beam specimen
were to be fastened to the shaker by means of a test fixture. Tne lemths of f:-e speci-
mens were selected to obtain approximately the exV-3cted fundamenta irequency at tho
center bay of the acoustic test panels.

Negligible motion of the ribs and stringers of the acoustic test panels had been
predicted in the preliminary analysis. Therefore. for the shaker tests the rib at the
center of the Candidate A-I specimens and the stringer at the center of the Candidate
A-2 specimens were to be fastened to the test fixture to prevent relative lateral motion
between the rib and the two ends of the Candidate A-1 specimens and between the
stringer and the two ends of the Candidate A-2 specimens. With two bay shaker
specimens, it was expected that nonlinear response data could be obtained that could
be used in the design of acoustic panels.

The shaker test fixture was designed to achieve the clamped-edge conditions and
to provide the capability of testing three shaker specimens simultaneously.

The final choice between the Candidate A-1 and Candidate A-2 shaker specimens
was postponed until after the first acoustic panel was tested in order to observe the
experimental mode of failure, if any, (i.e., failure of a joint assembly at a stringer
or at a rib) before selecting and fabricating the shaker test specimens. The Candidate
A-1 shaker specimen was to be chosen if the initial joint failure of the remaining
acoustic panels could be expected to occur at a rib whereas the Candidate A-2 shaker
specimen was to be chosen if the initial joint failure of the remaining acoustic panels
could be expected to occur at a stringer. Another reason for postponing the decision
between the Candidate A-1 and Candidate A-2 specimens was to enable analytic pre-
dictions to be made on the relative mei its of the tvo shaker specimen types. Following
the test of the first acoustic test panel (panel A-GG-BI-1), the decision was made to go
ahead with the manufacture and test of the Candidate A-2 type specimens.
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_ 111. 2. (b) Final Specimen Design

Several Candidate A-2 ty'pe specimens with graphite-epoxy skins bonded to
graphite-epo.xy doublers were fabricated using the design with the 13. 20 inch length in
Figure 22. During the shaker test of the first specimen with the two ends and the cen-
tral tee section clamped, it was apparent that the design had resulted in a specimen
that was too stiff to enable fatigue tests to be conducted at sufficient excitation levels
to obtain S-N curves. Therefore, the decision was made to reduce the overall length
of all the fabricated specimens by sawing off the glass doublers at the ends of the
specimens that were already fabricated and to clamp the specimens only at the
stiffener at the center of the specimen. The design change was satisfactory and resulted
in the manufacture and fatigue test of shaker specimens without glass doublers at the
ends. The tests of the shaker specimens resulted in the establishment of S-N data and
curves that are reported in Section VI.

In the final shaker specimen design which applied to all the shaker specimens
from which S-N data was obtained in the test program, the length of the graphite-epoxy
skins was 9.24 inches and the length of the boron-epoxy skins was 9.62 inches. In the
final shaker specimen design, the centerline of the leg of the tee section was 4.62
inches from each end of the bonded shaker specimens with graphite-epoxy skins and
was 4.81 inches from each end of the bonded shaker specimens with boron-epoxy skins.
The rivet centerline was 4.62 inches from each end of the riveted shaker specimens
with graphite-epoxy skins and was 4.81 inches from each end of the riveted shaker
specimens with boron-epoxy skins.

111.'2. (c) Manufacture of Shaker Specimens

The manufacturing procedure for the shaker specimens (exclusive of the manu-
facture and bonding procedure of the doublers that were bonded to the first few fabricated
specimens but were subsequently sawed off before shaker testing) is described below.

Laminates, from which the skins of the shaker specimen-, were subsequently
obtained, were layed up according to the design of the shaker specimens and were cured
according to procedures established in the Northrop Process Specifications PL-35 and

-4 PL-36. The graphite-epoxy laminates were bagged and autoclave cured at 350 F for
two hours at 100 psig. The boron-epoxy laminates were bagged and autoclave cured at
225 F for two hours followed by two hours at 325 F with 100 psig pressure applied
throughout. The laminates were then sectioned with a diamond saw to get skins for the
individual specimens.

The -23 titanium alloy doublers (of Figures 22 and 23) were bonded to the shaker
specimens with EC 2216 adhesive rather than FM-123-2 adhesive in order to utilize
a room temperature curing adhesive. The EC 2216 adhesive was adequate in trans-
ferring the relatively low skin stresses from the shaker test fixture to the shaker
specimens. A photograph of a shaker specimen with the graphite-epoxy skin and
stiffener prior to the bonding of the -23 titanium alloy doubler is shown in Figure
25. A photograph of the upper surface of a riveted shaker specimen after strain gag-
ing is in Figure 26 and a photograph of the lower surface is in Figure 27.

The graphite-epoxy angle and tee sections were fabricated according to the pro-
cedures established for the internal structure of the acoustic test panels.
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The fabrication of the titanium alloy tee sections was accomplished by the auto-
matic G.T.A. gas tungsten arc) weld process and equipment. The tee sections were
constructed from two pieces of Ti-6AI-4V titanium sheet stock, the cap being .040
gage and the web being .032 gage. A weld fixture that accommodates a twenty-four
inch long part was used to clamp the tee section components during the welding opera-
tion. The weldment was accomplished by burning through the cap member directly
above the web, thereby fusing the cap and web together as well as creating a fillet
along the backside of the welded part. The fillet size was controlled by the tool con-
figuration. Filler wire was added to the joint to replace the metal that formed the
fillet. Stress relieving was performed after welding. This was accomplished by
clamping the part in a sizing tool and heating to 1250F for thirty minutes. After stress
relieving and the cleaning operation, the twenty-four inch long part was sectioned into
two-inch lengths for machining and trimming to final size. The weld bead and .008
excess material on the topside of the cap were machined by a conventional milling
operation resulting in the desired flat surface and correct gage thickness.

Fabrication of the . 032 gage x 3/4 x 3/4 x 2. 0 inch titanium alloy angle sections
was accomplished using conventional brake punch and die forming tools at room
temperatures. Neither stress relief nor hot sizing was required.

A description of the fabrication of the bonded joint shaker specimens follows.
The graphite-epoxy skin and stiffeners and the titanium alloy stiffeners were pre-
cleaned according to the appropriate of the Northrop Process Specifications PL-35
and PL-36. The stiffeners to be bonded to the skin were then layed up on an FM-123-2
adhesive prepreg sheet and then located on the shaker specimen skins. The parts
were then bagged and vacuum pulled to set the adhesive. A one-hour cure cycle at
250F at 40 psig was then performed, and the adhesive flash was then trimmed using a
belt sander. The titanium alloy doublers, that were subsequently clamped in the
shaker test fixture during the shaker tests, were then clipped to the leg of the
graphite-epoxy tee sections, and bonding was performed with EC 2216 adhesive at room
temperature.

For the riveted shaker specimens, the bonding of the reinforcements to the skin
of the rivetcd specimens followed the same procedure described above for bonding the
skin to the tee or angle sections of the bonded shaker specimens. The countersunk
rivets were then installed to attach the skin to the internal structure, i.e., the tee or
angle sections. The titanium alloy doublers (when used), that were subsequently
clamped in the shaker test fixture during the shaker tests, were thern clipped to the
leg of graphite-epoxy angles, and bonding was performed with EC 2216 adhesive at
room temperature.
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IV. APPROACH TO THE ACOUSTIC TEST PROGRAM

IV. 1 OBJECTIVE

The basic objective of the acoustic tests was to obtain dynamic and acoustic
fatigue characteristics of the joint assemblies of advanced-composite panels in a high
intensity acoustic environment. The panel configuration for the acoustic tests was
chosen to be compatible with present and expected future flight vehicle requirements.

IV. 2 TEST CONDITIONS

The acoustic panels were bolted to a jig plate for acoustic testing (Figure 28)
in the 48 x 48-inch test cell of the Northrop Progressive Wave Acoustic Test Chamber
(Figure 29). The frames of the acoustic panels were to simulate adjacent structure
in aircraft skin-rib structure, and were designed to prevent failures at the frames.

Each acoustic panel was attached to the test fixture (the jig plate in Figure 28)
which, in turn, fit into the upper wall of the Northrop Progressive Wave Acoustic
Test Chamber. The attachment detail design was based on preliminary analysis
which satisfied the following criteria:

1. The acoustic failure would not initiate along the edge members.

2. The flexibility of the edge members as attached to the fixture would simulate

the flexibility of the neighboring repetitive structures that are identical tothe test specimen. In this manner, the test specimen responds to the
acoustic excitation as part of a large and realistic aircraft structure assembly.

To satisfy the above two criteria, the nominal dimensions of the nine-bay
acoustic panels were established at 26 x 17 inches and the panels had a rectangular,
central bay that was larger than any of the other eight rectangular bays. The central
bay was a nominal 10 x 7 inches, the four corner bays were a nominal 8 x 5 inches,
and the remaining four exterior bays were either 10 x 5 inches or 8 x 7 inches
nominally.

The approach of reducing the dimension of the edge bays of nonstiffened, acoustic

test panels had been successful (6) in obtaining acoustic fatigue failures at the center
bay of cross-stiffened 9-bay rectangular panels (3 bays in each direction), 25-bay rec-
tangular panels (5 bays in each direction), and 49-bay rectangular panels (7 bays in
each direction). After testing the 49-bay, the 25-bay, and the 9-bay panels, it was
noted in Reference 6 that dynamic and acoust,. fatigue characteristics of the central
bay of both the 49-bay and 25-bay panels wer -btained approximately in tests of the
9-bay panels.

Three-bay aluminum alloy panels with bays of dimensions similar to those of the
proposed acoustic test panels had been tested with acoustic fatigue failures occurring

Preceding page blank
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in approximately three hours of exposure (7), ( This was one key factor in selecting
the dimensions of the proposed acoustic test panels to be suitable for the acoustic test
program.

The acoustic panels were subjected singly to tests in the Northrop Progressive
Wave Acoustic Test Chamber under broad-band excitation. Experimental strains
(vtrsus acoustic pressure), deflections, damping factors, and noise reduction data were
obtained and these items are discussed below. The panels were subjected to an acoustic
fatigue test at the maximum SPL, which reached 166 db SPL.

IV.3 GENERAL TEST PROCEDURE

IV. 3. (a) Modal Surveys

Modal surveys were conducted on the panels using the "salt" pattern technique
and accelerometers. The "salt" pattern technique consisted of mounting a loudspeaker
over the unreinforced surface of a panel that was mounted in the fixture before the
fixture was placed in the test cell of the progressive wave test chamber, sprinkling
noncorrosive polyvinyl chloride pellets on the flat surface, and energizing the speaker
with discrete frequency excitation. With the "salt" pattern technique, the nodal lines
and natural frequencies were observed. From the fixed and roving accelerometers
that were mounted at various locations on the skin and the supports, relative amplitudes
of vibraton and phasing were obtained.

IV. 3. (b) Damping Factors

Damping factors were obtained with the logarithmic decrement method utilizing
the oscillograph decay record taken from the accelerometer signals during the modal
survey. To obtain a resonant frequency, the loading frequency was swept to obtain a
frequency (the resonant frequency) to produce a maximum voltage output from the
accelerometer.

IV. 3. (c) Response and Acoustic Fatigue Tests

Alter the modal surveys were completed and damping factors were obtained under
discrete frequency excitation, the panel specimens were subjected to random acoustic
loading at 136 db SPL, and strain and accelerometer data were recorded. The
pressure was then increased in increments of 3 db and strain data were recorded at
each SPL until the level was reached for the acoustic fatigue test. The plan was to

conduct the acoustic fatigue test until the equivalent of 10 cycles occurred or until
failure, if failure occurred first.

One purpose of this test procedure was to observe if nonlinear effects were
present. The testing at levels lower than the maximum test level was conducted
rapidly in order to prevent undue exposure before the intended fatigue test commenced.
Once the fatigue test began, visual inspections were made at least every three hours.

IV. 3. (d) Failure Detection

Visual inspections were used to detect acoustic fatigue failures, which were de-
fined as the first observation of a fatigue crack or delamination. In addition, visual
inspections were made when unexpected strain or pressure fluctuations occurred since
the, often give a first indication of a panel failure.
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IV.3. j( Noise Reduction

For the investigation of noise reduction, one test panel was installed in the test
fixture in the progressive wave test chamber, and under a discrete frequency sweep
up to approximately 350 Hz at various pressure levels the pressure was measured
and recorded with microphones on both sides of the panel. The applied pressure level
was set sufficiently low to prevent fatigue damage to the panel prior to the acoustic
fatigue tests.

I.4 TEST Ii iSTRUMENTATION

Acceleration, temperature, and strain measuring equipment was used, including
a system for recording the data. The essential components of the instrumentation
system, employed in the test program, are shown schematically in Figure 30.

IV.4. (a) Location and Quantity of Strain Gages, Accelerometers, and Thermocouples

Strain gage locations for the acoustic test panels are in Figure 31 and included
the following locations:

1. On the skin near the center of selected bays.
2. On the sldn opposite or adjacent to a rib and/or stringer.
3. On a stringer(s) and/or rib(s).
4. On the skin adjacent to the peripheral doubler.

A maximum of three accelerometers (including one roving accelerometer) were
used in panel modal surveys and acoustic tests to assist in the determination of mode
shapes.

In the acoustic tests, heating of the panels was insignificant as had been the case
for the boron-epoxy honeycomb acoustic panels tested under Contract F336 15-67-C-
1672. The temperature of the panel A-GG-B--1 was monitored during the acoustic test
with three thermocouples per panel, located at a joint near the panel edge, at the center
of a bay, and near a joint of the center bay. No temperature measurements were taken
during the acoustic tests of panels A-GG-B-2 and A-GG-B-3, because there was no
indication of panel heating

IV. 4. (b) Location of Microphones in the Acoustic Test Section

Prior to the start of this program. several tests to determine the acoustic
pressure at various locations in the 24- by 24-inch test cell and the 48- by 48-inch
test cell of the Northrop o)rogressive wave acoustic test chamber had been conducted.
During these tests, the pressure was recorded on magnetic tape and then analyzed to

obtain the auto-correlation a-,' -ross-cor relation functions ( 7) (8 From these data, the
assumption of spatial .inifor :ni' , the acoustic pressure appeared adequate for the ana-
lytic investigation conductec(, in th.r program.

For this test program thc ,'erall pressure was measured at the center of the
24- by 24-inch test cell and the 48- by 48-inch test cell with concrete plugs in both
cells to get a one-to-one relation - i.e., a calibration chart between the pressure at
these two locations. Then during acoustic tests with panels in the 48- by 48-inch test
cell (where all acoustic tests were conducted), the pressure at the center of the 48-
by 48-inch test cell was determined with the calibration chart and measurements of
the pressure at the center of the upstream 24- by 24-inch test cell.
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1V. 5 TEST FACILITIES AND EQUIPMENT

A description of the progressive wave test chamber and a list of the equipment
used in the acoustic test program are given below.

IV. 5. (a) Progressive Wave Test Chamber

The Northrop Progressive Wave Acoustic Test Chamber in the Acoustic Test
Laboratory consists of a 30-Hz exponential horn cast in reinforced concrete and
diverging from a t-wo-square-inch round cross section to a 9-inch by 48-inch cross
section. The horn is terminated by a polyurethane foam-filled muffler that absorbs
the sound energy. The chamber is excited by a Northrop Acoustic Generator, which is
a high-pressure air modulator that is driven by an electrohydraulic shaker. The
various test section lids contain microphone adapter tubes to allow sound pressure
level readings to be taken at several locations in each of the test sections. By utilizing
the microphone adapters in the lids plus an additional microphone location in the bottom
center of the test section facing the lid, six microphones can be installed in the two-foot-
square test section and ten microphones in the four-foot-square test sections.

IV. 5. (b) Test Equipment

The following is a list of test equipment used to provide and monitor the acoustic
environment and strain gage outputs.

1 - Northrop Acoustic Generator MK IV-H
6 - Photocon Model 524-5 Microphone
6 - Photocon Model DG605-D Dyna-Gage
2 - B & K Type 2409 Electronic Voltmeter
1 - B & K Type 2111 Audio Frequency Spectrometer
1 - B & K Type 2305C Level Recorder
3 - Northrop Strain Gage Balance Networks (four channel)
9 - Sanborn Model 8875A Differential Amplifier
1 - Sanborn Model 3914 14 Charnel Tape Recorder
1 - CEC Model 5-124 Oscillograph
1 - Tektronix Model RM 565 Dual Trace Oscilloscope
1 - Allison Model 650R Random Noise Source
1 - B & K Type 123 1/3 Octave Spectrum Shaper
1 - Hewlett-Packard Model 5532A Frequency Counter
1 - Spectral Dynamics Model SD 104-5 Sweep Oscillator
1 - Spectral Dynamics Model SD 105 Amplitude Servo/Monitor
1 - Moseley Model 7035A X-Y Recorder
1 - Moseley Model 60B Log Converter

EA-13-062AA-120 Strain Gages
EA-13-062RB-120 Strain Gages

IV.6 DATA REDUCTION AND ANALYSIS

All acoustic measurements were made with condenser microphones with their
associated carrier amplifiers. Acoustic signals were analyzed by a B&K Type 2111,
Audtio Frequency Spectrum Analyzer. Strain gage and accelerometer outputs were
recorded on 1-inch magnetic tape and analysis of data was made by a constant bandwidth
analyzer system for power spectral density.
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Prominent items in the data reduction and analysis equipment that were used,
follow.

The primary magnetic FM tape playback unit was the Minneapolis Honeywell
Model 7600 Tape Playback System with a standard, extended, and double-extended
variable speed capability (1-7/8, 3-3/4, 7.5, 15, 30, and 1250 ips). Thisunit can
reproduce 1-inch tape, 14 channels. A Honeywell 7490 Tape Playback System was
used for repetitive looping. A Tektronix Oscilloscope Model 561 was used to obtain
instantaneous visu.al display of the data. The power spectral density analysis equip-

i i ment consisted of Technical Products Models TP 626, TP 627, TP 633, and TP 644.
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V. DETAIL DESCRIPTION OF ACOUSTIC TESTS

In this section, the modal surveys and acoustic tests of panels A-GG-B-1, A-GG-
B-2, and A-GG-B-3 are reviewed in detail. In addition, there is a discussion of acoustic
fatigue life prediction and the effect of the acoustic SPL on the strain response of the
acoustic test panels.

V. I TEST OF ACOUSTIC PANEL A-GG-B-1

The description of the fabrication of panel A-GG-B-1 was presented in Section IMl.
Panel A-GG-B-1 was instrumented with strain gages No. 1 through 15 (Figure 31) and
thermocouples and attached to the 4 x 4 foot acoustic test fixture. Wooden beams were

Ealso attached (Figures 32 and 33) to the acoustic test fixture to produce a relatively
smooth surface for air flow across the test jig (i. e., wood fillers and the panel) during
tests in the progressive wave acoustic test chamber. The panel was then subjected to
(1) loudspeaker excitation to obtain modal surveys and damping factors, and (2) to
acoustic excitation in the progressive wave acoustic test chamber (Figure 34). to obtain
response and acoustic fatigue data. During the acoustic excitation, signals of strain,
acceleration, and pressure were recorded (magnetic tape) for subsequent data analysis.

V. 1.(a) Modal Surveys

Panel A-GG-B-1 was attached to the acoustic test fixture for modal surveys with
a loudspeaker. Three Endevco 2222B microminiature accelerometers were used dur-
ing the modal surveys to obtain natural frequencies, phasing between bays, and an
estimate of nodal lines. For the modal surveys, one of the accelerometers was
cemented in the center of bay 5 and another accelerometer was attached to the panelIwith vacuum seal putty to facilitate its use as a roving accelerometer.

U Partel resonances were obtained by examining peaks of accelerometer output
_ under loudspeaker excitation during discrete frequency sweeps up to 400 Hz. The

frequencies of these acceleration peaks are reported in Table II. In obtaining theIi acceleration peaks, the roving accelerometer was positioned at the center of the bay
l being examined.

Following the determination of the frequencies of Table II, the panel mode
rshapes were determined from acceleration amplitude and phase readings at the center

of each bay at each panel resonant frequency up to 350 Hz. The accelerometer readings
shown in Figure 35 define the modal surveys. The modal surveys indicate that bay 4
contained the point of maximum panel amplitude at the 165, 184, and 233 Hz resonance;
bay 5 had the point of maximum amplitude at the 343 Hz resonance; bay 6 had the point
of maximum amplitude at the 219 Hz resonance; and bay 8 had the point of maximum
amplitude at the 277 Hz resonance.

Preceding page blank
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TABLE II. ACCELERATION PEAK RESPONSES OF PANEL A-GG-B-I
OBTAINED UNDER DISCRETE FREQUENCY EXCITATION

Location of Frequencies of Peak Responses
Accelerometer (M), (2) (Hz)

Bay 2 165, 189, 215, 238, 278, 340, 362, 394, 415

Bay 4 187, 216, 233, 280, 300, 312, 343, 365, 393

Bay 5 165, 215, 237, 273, 350, 400

Bay 6 185, 193, 236, 273, 358, 375, 400

Bay 8 189, 215, 276, 348, 395, 413

Bay 9 185, 193, 234, 273, 295, 340, 388, 410

(1) The accelerometer is located at the center of the bay.

(2) Corner bays 1, 3, 7, and 9 had very low level response, and only the
responses of bay 9 were noted.

The following items are noteworthy. Bays 4, 5, and 6 were in phase at the 167
Hz and 184 Hz resonances. Bays 5 and 6 are out of phase at the 219 Hz resonance.
Bay 5 is out of phase with bays 4 and 6 at the 233 Hz resonance. Bay 8 is out of phase
with bay 5 at the 277 Hz resonance and is in phase with bay 5 at the 343 Hz resonance.
Because of the extensive modal survey characterization of Figure 35, it was decided
not to obtain nodal lines of panel A-GG-B-1 with the "salt" pattern technique.

During the modal survey no oil canning of panel A-GG-B-1 was observed, i. 3.,
the bays that were initially curved at the outset of the modal surveys did not pass thru
their flat position.

Bay 5, the center bay, had substantially more initial curvature than any of the
other bays and therefore it was not surprising that its large responses relative to
other bays occurred at 277 Hz and 343 Hz rather than at the lower natural frequencies
of 167, 184, 219, and 233 Hz.

V. 1. (b) Damping Factors

Damping factors associated with the decay of panel resonances following the
termination of loudspeaker excitation (Table Ii) were obtained using the logarithmic
decrement method from oscillograph records of accelerometer signals. At each
resonant frequency, the signals from three accelerometers were simultaneously re-
corded for use in the damping factor calculation. The average damping factor was
0. 017 which is approximately the same damping factor reported in Reference 8 for
adhesively bonded, three-bay, aluminum alloy panels with tee section stiffeners.
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TABLE III. DAMPING FACTORS OF PANEL A-GG-B-1

Frequency Viscous Damping Factors

Bay 4 Bay 5 Bay 6 Bay 8

167 NG (1 )  NG NG NT (2 )

184 0.023 0.017 NG NG

219 NT NG NG NG

233 0.014 NG NG NG

277 NT 0.017 NG 0.015

343 NT 0.017 NG NT

(1) NG means the decay record was poor and no damping factor was computed.

(2) NT means no decay record was taken for this hay at this frequency.

V. 1. (c) Response to Acoustic Excitation

After the modal surveys were completed and damping factors were obtained
under loudspeaker excitation, the acoustic test fixture with the panel in place was
installed in the 4 x 4 foot test cell of the Northrop progressive wave acoustic test
chamber for broad-band acoustic loading.

The pressure at the center of the 4 x 4 foot test cell was obtained with the use of
a calibration table (relating the pressure at the center of the 2 x 2 foot test cell and
the 4 x 4 foot test cell) that had been obtained with all of the concrete test cell lids of
the progressive wave test chamber in place. Therefore, when panel A-GG-B-1 re-
placed the concrete lid of the 4 x 4 foot test cell, microphone readings at the center
of the 2 x 2 fooL test cell were taken for use with the calibration chart to obtain the
pressure at the center of the .1 x 4 foot test cell.

Beginning with an overall sound pressure level of 136 db at the center of the 4 x 4
foot test cell, which coincided with the center of the test panel, strain and accelero-
meter readings were taken (Table IV) as the pressure was increased in increments
of 3 db until the maximum sound pressure level of 165 db was obtained. For these
acoustic tests, the accelerometer locations of Figure 36 were applicable.

Strain, accelerometer, and pressure signals were recorded on magnetic tape
for spectral density analysis of the pressure and response at 139,148, and 151 db SPL.

Thermocouple readings were taken to obtain the temperature of the panel during
testing. The panel remained at ambient temperature which was approximately SOF
during the acoustic tests.

The tests to obtain strain data at overall sound pressure levels of 163 db and
lower were conducted as rapidly as possible to prevent significant accumulation of
fatigue damage in the panel prior to the acoustic fatigue test at the maximum sound
pressure level of 165 db. The exposure to the acoustic excitation at the lower sound
pressure levels was approximately two minutes when tape recordings were not taken
and six minutes when tape recordings were taken.
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TABLE IV. STRAIN GAGE RESPONSE (MICRO-INCH/INCH-RMS)
AND ACCELEROMETER RESPONSE (G's-RMS)

OF PANEL. A-GG-B-1

Overall Sound Pressure Level
2

(db re 0. 0002 dynes/c)n

136 139 142 145 148 151 154 157 160 163 165
db db db db db db db db db db db

Strain
Gage

1 76 100 112 152 220(1) 300 390 (40 out (2 )

2 56 80 102 156 240 out

3 28 36 48 62 82 112 144 180 220 250 300

4 8 10 12 16 20 26 32 100 3  60 70 70

5 38 42 48 62 88 112 142 400(1) out

6 32 44 54 82 112 200(1) 260 400 320 out

7 54 76 88 124 170 280(1) 310 360 450 520 600

8 26 32 38 52 - 220 270 158 220 230 260

9 154 80 18 20 22 26 30 40 60 out

10 10 14 12 16 20 out

11 6 10 118 174 220 310 420 520 600 64(3 "

12 120 (3 ) 90 (' ) 50 80 112 166 220 260 360 80

13 76 40 140 160 210 260 260 280 360 46 (3 )

14 104 128 76 100 136 200 210 240 out

15 58 62 220 300 380 486 480 540

Accele-
rometer

1 14 25 35 58 95 150 200 320 420 580 620

2 11 18 25 40 62 95 130 180 240 310 340

3 27 55 73 125 200 225 360 530 750 1080 out

(1) Onset of oil canning.

(2) Lost gage.

(3) Questionable reading.
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V. 1. (d) Acoustic Fatigue Test

Prior to starting the run at 165 db SPL, a visual inspection of panel A-GG-B-1
indicated no evidence :if damage. Visual inspections were subsequently made after a
total of 10, 30, 45, and 60 minutes of exposure at 165 db. In addition, a continuous
monitoring of strain signals was made during the first 13 minutes of exposure and of
a microphone signal during the remaining 47 minutes of exposure from a microphone
mounted outside of the text fixture just over a relief hole at the center of the panel.

The inspection at 10 minutes of exposure was made because of a sudden shift in
the monitored strain signal. A mishap (this item is discussed in more detail at the
bottom of page 72) had occurred with damage principally confined to bay 5 of the panel,
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but subsequent testing indicated the mishap had little, if any, effect on the acoustic
fatigue failure of the panel. At the scheduled visua* inspection at 30 minutes exposure,
no acoustic fatigue failure was observed. At the viaual inspection at 45 minutes expo-
sure, an adhesive failure was observed at the tee section between bays 4 and 7, (Fig-
ure 37) and resulted in the separation of the tee section and the skin. The adhesive
failure was the initial acoustic fatigue failure observed in the test.

The acoustic fatigue test was then continued for 15 more minutes until 60 minutes
of acoustic exposure had been obtained during the 165 db run and another visual inspec-
tion was made.

The following items were noted at the 60 minute inspection:

1. The vertical leg of the tee section that separated bays 2 and 5 had split
(Figure 38).

2. An adhesive failure had initiated (Figure 39) between bays 6 and 9 that
resulted in the separation of the skin and tee section.

3. Separation of the skin from the edge of the E-glass doubler had begun and
progressed approximately 4 inches in bays 4 and 6. (Figure 40.)

4. Fracture of the outer ply and its separation from the inner plies had begun
in a flange of an I-beam separating bays 5 and 6 (Figure 41). The white
object in Figure 41 is a pencil used to iift the broken part of the flange to
make it more visible in the photograph.

5. The edge of the vertical leg of the tee section segment that separates bays
5 and 8 was slightly damaged at two locations that divided the length of the
tee section segment into three approximately equal segments.

6. A crack approximately 1/4 inch in the E-glass (':ubler was apparent at the
corner of bay 9.

During the acoustic fatigue test (the 165 db run), a small aluminum block (that
was part of the test fixture) vibrated loose from its supposedly fixed position after
10 minutes of testing and fell thru a relief hole in the test fixture into the test panel.
The test was stopped within a few seconds because of a shift in the strain signal being
monitored. Apparently during the few seconds before shutdown the block had bounced
across the tee sections between the I-beams since white lines were apparent on the
unexposed surfaces of bays 2, 5, and 8. The skin of the central part of bay 5 exhibited
the greatest damage and was broken on the exposed surface (the block was in contact
with the unexposed surface) in several places (Figure 42). However, these breaks
did not grow appreciably in length during subsequent testing at 165 db SPL and apparently
had little, if any, influence on the noted acoustic fatigue failures of the panel.
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V.1.(c) Data Analysi,

Narro' • band spectral analysis was conducted for the strain response, accelero-
meter respoi.,e, 8nd pressure loading of Table IV.

There was no oil canning until 148 db SPL was reached. Beginning at the 148 db
SPL. the outpu! of gages No. 1 and 2 indicated that the bay 5 vibration was about one of
the two oil canned positions for a small time period, then bay 5 snapped thru the flat
position to vibrate for a smaller time period about the other oil canned position, then
snapped thru the flat position to begin a repetition of the oil canning phenomenon. The
spectral analysis of strain at gage No. 2 at 148 db SPL wher 'he vibration included oil
canning is ina Figure 43 and when the vibration did not include oil canning is in Figure
44. When he analysis included the oil canning, the rms strain was 320 micro-inch/
inch (Figure 43) as opposed to a 210 micro-inch/inch without oil canning (Figure 44).
Upon comparing Figures 43 and 44, it is noted that the oil canning increases the strain
spectral density to a greater extent below 100 Hz than above 100 Hz.

The strain response of gage No. 2 at different levels is in Figures 44 and 45.
The spectral shape of the response changes as the level is increased to give a larger
percentage of the response in the lower frequency range. (Compare Figures 44 and
45).

The pressure during the 139 db and 148 db SPL runs is shown in Figures 46 and

47, respectively.

For the data analysis presented in Figures 43 thru 47. a three second
averaging time with a 0.6 Hz'sec sweep rate with a 5.3 Hz bandwidth filter for the
20 thru 250 Hz range was used. For frequencies above 250 Hz, a 1.4 second averaging
time with a 3.3 Hz/sec sweep rate with a 14 Hz bandwidth filter was used. A two
second loop was used in the data analysis showr. in Figure 43 and a six second loop
was used for the data analysis shown in Figures 44 thru 47.

V. 1. (f) Discussion of Test Results

The acoustic fatigue test of pancl A-GG-B--1 demonstrated that a graphite-epoxy
panel with a six-ply sldn of 0.025 inch thickness and with 10 x 7 inch nominal bay
dimensions could be subjected up to 165 db SPL irn ar. acoustic environment for at
least a short period of time.

Oil canning during acoustic loading in the progressive wave charr.,b:' was not
observed until 148 db SPL was reached. The oil canning produced an inrcasc in the
rms stress response as well as a change in the requency content of the response.
Because of the stress response increase due to the oil canming, thc life of the panel was
probably reduced.

The higher natural frequencies (277 Hz and 343 Hz) of the central bay relative
to the other bays was probably due to the initial curvature of t -ie- cvitrai bay Cing
substantially greater than that of the other bays. This curvature produ.:ed a higher
stiffness for the central bay and tended to reduce the likelihood oi the initial acoustic
fatigue failure in the central ba.

It is significant that the accidental damage to thc central zone of bay 5 did not
propagate during the acoustic test.
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Cage 2. Run 5 (148 db).
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Gage 2. Run 5 (148 db).
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Gage 2. Run ?A (139 db).
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Microphone, Run 5 (148 db).
Rms pressure in the 2 x 2
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A comparison of strains at gages No. 1 and 2in Table IV indicate approximately
cqual strains. Since gage No. 1 at the center of bay 5 experiences more biaxial strain-
ing than gage Na. 2 at the stiffener, it is possible that a skin failure (in the 90'-dirction
of the skin) at the panel center may occur prior to a skin failure at the stiffener.

A compari ion of strains from gages No. 2 and 7 of Table IV indicate i" a skin
failure at the peripher y of hay 5 would occur, then th' failure would be at the gage No.
2 location, since the ultimate strain of the skin material of the central hay was less in
the width direction than in the length direction (see the discussion below). This
observation was utilized in the choice of the Candidate A-2 type specimen.

The average ultimate stresses reported in Figures A -i and A-2 of the Appendix
A wvere 182. 1 ksi for the 0W-loading of a 0-1aminate and 5. 82 ski for the rn-loading of
a 90n-laminate. The corresponding E's were 23, 000, 000 psi and 1, 460, 000 psi and the
corresponding average ultimate strains are 7, 800 micro-inch/inch and 4, 000 micro-
inch/inch. It should be noted that there was considerable scatter in the ultimate
strength in the 0 -loading of the 90'-laniinate. The mnaximum estimated acoustic
response strains in Table V were less than 25 percent of these static ultimate strains.

If the strains at 165 db SPL at the various gages that wcre lost may be ex\trapolated
based on their relation with gage No. 7 that performed thru the 165 db runs, then esti-
mated strains may be obtained at 165 db SPL. Such strains are given in Table V.

For the strains (Table V) in the 90'-dircction of the skin, the estimated ma-xi-
nium- rms strain level was approximately 800 micro-inch/inch. The 800 micro-inch/inch
estimate wvas at least 30 percent higher than the maximumn strains measured (hiring the
acoustic tests of panels A-GG-B-2 and A-GG-B-3.

TABLE V. ESTIMATE OF RNIS STRAINS OF PANEL A-GG-B-1
AT 165 DB SPL

I Gage Gage Est imated
Attachment Gage Direction~i) RIMS Strain

_____________I (degrees) (Micro-inch/inch)

Skin 1 90 700-800
Skin 2 90 700-800

Skin 3 90 302

Tee Section 4 0702

Tee Section 5 0 280-320

Skin 6 0 360-420

Skin 7 0 I600(2)

Skin 8 0 260(2)

I-Besm 9 90 65-75

1-Beamn 10 90 50-60

Skin 11 90 700-800
Skin 12 90 350-400

Skin 13 0 350-700

Skin 14 0 400-550

Skin is 90 840-960

(1) The 0*-direction is parallel to the length of the tee sections.

(2) measurcd.
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V. 2 TEST OF ACOUSTIC PANEL A-GG-B-2

Acoustic panel A-GG-B-2 was fabricated according to the procedure discussed
in Section III. The fabrication procedure applied to panel A-GG-B-2 resulted in the
manufacture of a flat panel with good, visible bond lines. Immediately before testing,
10-32 flat head steel machine screws (Figure 48) with elastic stop nuts were installed
around the outer periphery of the titanium alloy frame, EC 2216 adhesive, graphite-
epoxy skin, FM-123-2 adhesive, and graphite-epoxy doubler assembly as an added
precaution to prevent a catastrophic failure in the fixture section of the panel during
the acoustic fatigue testing.

V. 2. (a) Instrumentation and the Assembly of the Panel to the Test Fixture

Panel A-GG-B-2 was instrumented with 17 strain gages (Figures 31 and 49).
The first 15 were located as they had been located on panel A-GG-B-1. No thermo-
couples were installed on panel A-GG-B-2 since no panel heating was observed during
the acoustic test of panel A-GG-B-1.

Panel A-GG-B-2 and the wooden beams (to produce a relatively smooth surface
for air flow across the test jig in the progressive wave test chamber) were attached
to the test fixture in the same manner that panel A-GG-B-1 and the wooden beams
were attached to the test fixture.

V. 2. (b) Modal Surveys

After panel A-GG-B-2 was attached to the test fixture, the panel was excited
with loudspeaker excitation for modal surveys. Two Endevco 2222B microminiature
accelerometers were used during the modal surveys to obtain natural frequencies,
phasing between bays, and an estimate of nodal lines. For the modal surveys, one of
the accelerometers was cemented in the center of bay 5, the central bay. The other
accelerometer was attached to the panel with vacuum seal putty to facilitate its use as
a roving accelerometer.

Panel resonances were obtained by examiring peaks of accelerometer output
in frequency sweeps (during a sweep, the roving accelerometer was not moved) under
loudspeaker excitation up to 1, 000 Hz. In obtaining the panel resonances and accelera-
tion data, the roving accelerometer was positioned at the center of the bay being examined.

Following the determination of natural frequencies, the panel mode shapes were
obtained from acceleration amplitude and phase readings at the center of each bay at
resonant frequencies up to 500 Hz. The accelerometer readings in Figure 50 define
the quantitative modal surveys under the loudspeaker excitation. In some cases, the bay
with the maximum acceleration response was not the bay in which the roving acceler-
omete - was located when the resonance was discovered experimentally, but this did
not affect the tuning accuracy of the mode in obtaining data for Figure 50.

Nodal lines were then obtained by sprinkling non-corrosive poly-vinyl chloride
pellets on the surface of the skin and exciting panel resonances with the loudspeaker
excitation up to 800 Hz (Figure 51). I
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V. 2. (c) Lvm)ing Factors

Damping factors tFable VI) associated with the decay of panel resonances
following the termination of loudspeaker excitation were obtained using the logarithmic
decrement method from ospillogiraph records of accelerometer signals.

At tlht principal resonance (187 liz) of the center bay, a damping factor of 0.017
was obtained. The high ckdmping In bay 4 at 236 Hz may be due to the influence of the
graphite-epoxy (foubcr at one edge of the bay. The low damping factor of .007 at 312
11z is probably due to he. strain signal from the center of bay 5 emanating close to a
nodal line.

TABLE VI. DAMPDNG FACTORS OF PANEL A-GG-B-2

FREQUENCY VISCOUS DAMPING FACTORS

Bay 4 Bay 5

127 bad bad

137 .016 .017

238 .032 bad

260 bad bad

312 bad .007(1)

348 bad bad

(1) See discussion under paragraph V. 2. (c)

V. 2. (d) Response t Arcoustic E:,citation

After 1die modal surveys were completed and damping factors were obtained under
loudspeaker excitation, the acoustic test fixture with the panel in place was installed
in the 4 x 4 foot test cell of the Northrop progressive wave acoustic test chamber for
broadband acoustic loading.

The pressure at the center of the 4 % 4 foot test cell was obtained with the use of
a calibration table (relating the pressure at the center of the 2 x 2 foot test cell and the
4 x 4 foot test cell) that had bee, obtained with all of the concrete test cell lids of the
progressive wave test chamber in place. Therefore, when panel A--GG-B-2 replaced
the concrete lid of the 4 x 4 foot test cell, microphone readings at the center of the
2 x 2 foot test cell were taken for use oith the calibration chart 0 obtain the pressure
at the center of the 4 x 4 foot test cell.

Beginning with an overall sound pres.ure level of 136 db a' the center of the
4 % 4 foot test cell. which coincided with the center of the test penel, strain readings
were t.ken (Table V.1) a.s the presgure was incrc'sed in increments of 3 db until the
niaxini.un 3otmtd pre, uro leel of 166 !1b was nbtannei.
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TABLE V'Il. STRAIN GAGE RESPONSE
(MICRO-INCH /INCH -RMS) OF PANEL A-GG-B-2

Overall Sound Pressure Level (db re 0.0002 dynes/cm 2)

Strain 136 r 139 142 145 148 151 154 157 160 163 166
Gage db db db db db db db db db db db

1 8 11: 12S 152 176 200 225 260 275 300 330

2 114 160 210 260 310 345 400 450 500 545 600

3 12 20 27 38 48 62 80 108 130 170 210

I 4 4 5 6 9 ...... ..--- 52

5 1. 23 30 42 --- 200(1) 145(1)

6 68 80 90 104 114 120 140 150 160 190 210

7 72 96 113 138 164 200 240 280 320 3.15 330

8 14 20 24 32 40 52 70 95 115 150 180

9 4 6 8 11 ..---.--- -- 70
10 8 9 10 12 -- -------- --- --- 78

11 26 34 44 66 80 100 140 170 230 290 350

12 17 26 32 42 --------- ----- 260

13 21 28 34 48 --------- ------ 220

14 25 32 40 58 80 100 140 170 210 260 out

15 24 34 40 56 .----- ------- --- --- 320

16 88 110 128 150 170 200 225 250 out ... ...

17 78 102 120 156 190 230 300 _45 430 460 530

( 1)Questionable reading

Strain and pressure signals were recorded on magnetic tape for spectral density"
analysis of the pressure and response at 139, 148, 157. and 166 db overall SPL.

At the 139 db SPL. a noise reduction investigation was conducted under discrete
frequency excitation (see Paragraph V. 2. (e)).

The panel remained at room temperature during the acoustic tests. The tests
to obtain strain data at overall sound pressure levels of 1C3 db and lower were conducted
as rapidly as possible to prevent significant accumulation of fatigue damage in the panel
prior to the acoustic fatigue test at the maximum sound pressure level of 166 r4b. The
exposure to the acoustic excitation at the lower sound pressure levels was approximately
two minutes when tape recordings were not taken and 6 minutes when tape recordings
were taken.
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V. 2. (e) Noise Reduction

An investigation of noise reduction through panel A-GG-B-2 was conducted accord-

with a signal from a microphone located within panel A-GG-B-2 during a discrete

frequency sweep with the exposed surface of the panel subjected to 136 db SPL. At the
fundamental panel resonance of 225 Ilz (Figure 52), the noise rodu-:tion was 9.5 dbI (i.e., from 136 db SPL to 126.5 db SPL).

Inside (No. 4) Microphone
136~ dB Discrete Acoustic Input

*ilk

110

20 j 100 20 100

LRQEC (Hz)K

FIUE5.IS REUCIO THROUG PAE -G-
94j



V. 2. (f) Acoustic Fatigue Test

Prior to starting the acoustic fatigue test at 166 db SPL, a visual inspection of
panel A -GG-B-2 indicated no evidence of damage. Visual inspections of the panel
were made after every hour of acoustic exposure during the first 23 hours of the
acoustic fatigue test and every three hours thereafter. In addition, a continuous
monitoring of strain gage and microphone signals was made during the acoustic fatigue
test.

Until 5 hours of test at 166 db SPL, all bays remained taut. Then, until 15 hours

o[ test, the central bay 5 was substantially softer than the large rectangular bays 4 and
6. By the end of 17 hours of exposure, bay 4 had become as flexible as bay 5 and visible
signs of dusting were observed near the intersection of bay 4 and the graphite-epoxy
edge doubler (on the exposed surface). At the end of 23 hours of exposure, it was
observed that the FM-123-2 bond between the graphite-epoxy edge doubler and bay 4
of the skin had deteriorated causing a gap (delamination) to exist between the skin and
doubler (between the arrows in Figure 53). Panel A-GG-B-2 was then removed
from the test fixture for a closer inspection, that revealed no failures in the test
section of the panel.

The repair of panel A-GG-B-2 at the end of 23 hours of test exposure is described
below. The delaminated zone in bay 4 was approximately semicircular with a 2.5 inch
radius. The purpose of the repair was to allow the acoustic fatigue test of panel A-GG- j
B-2 to be resumed at the 166 db SPL without disturbing significantly the state of stress
(during test) in the center bay 5 from the state existing during the first 23 hours of test
exposure. The repair was successful and its objectives were reached.

The repair consisted of injecting (and subsequently curing) EC 2216 adhesive into
the delaminated area and of bonding fiberglass/epoxy doublers in bays 4 and 6 (Figure

54). The installation of a doubler in bay 6 was both a safety precaution to prevent a
failure in bay 6 such as had occurred in bay 4 and a means of maintaining weight sym-

metry about the center lines of the panel.

For the repair, EC 2216 adhesive was injected into the delaminated area by lpash-
ing the adhesive into the zone with a 0. 005 inch aluminum shim stock. The intent was
that the subsequent capillary action of the adhesive would provide a uniform film over
the interior surfaces of the delaminated zone so that a viable adhesive bond would be
obtained.

Four-ply disc shaped Narmeo 500 E-glass (181 cloth impregnated with epoxy)
were laid up, cured, and sanded to provide a taper on the doubler section extending
towards the center of bay 4 and bay 6. These doublers were then assembled with
EC 2216 adhesive to the skin'tiffener side of bay 4 and bay 6 (Figure 54).

In the bonding operation with the EC 2216 adhesive, the cure was at ambient
temperature for approximately 120 hours. The recommended cure temperature for this
adhesive system is 72 hours at 77F for full cure. The adhesive mix was prepared per
the manufacturers instructions using a 100/100 weight ratio.

CFollowing the repair described immediately above, the strain gages and lead
wires of panel A-GG-B-2 were checked to determine what repairs and/or installation
of new gages could be made tL enable strain data to be taken when the acoustic fatigue
test was resumed. Repair and the installation of new gages were performed. In
particular, a new gage No. 2 was installed adjacent to the existing (fatigues) gage No. 2
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and gage No. 18 was added perpendicular and adjacent to the gage No. 2. The purpose
of gage No. 19 was to obtain strain data in perpendicular directions in the skin in the
vicinity of gage No. 2. The nearest edge of gage No. 18 to the tee stiffener was 0.06 in.

The rms strain readinos that were taken when the acoustic fatigue test was resumed
at 166 db overall SPL are in Table VIII. Also, in Table VIII are the strain readings
that were recorded in the last column of Table VII, namely the strains when the
acoustic fatigue test began. Except for gage No. 8, the average of the strain readings
for a gage in Table VIII is within 10 percent of its extreme readings. Consequently,
the conclusion was made that the addition of the adhesive and glass doublers in bays 4
and 6 did not appreciably change the acoustic response of the central bay 5.

TABLE VIII. STRAIN READINGS OF PANEL A-GG-13-2 AT 166 DB SPL

STRAIN GAGE STRAIN A ( 1 )  STRAIN B (2 )

(Micro-Inch/Inch-r ms) (Micro-Inch/Inch-rms)

1 330 out

2 600 600-500 (4

3 210 220-220 (4 )

4 52 50

6 210 210-210 (4

7 390 400-380 (4 )

8 180 170-146 (4 )

9 70 64

11 350 320-330 ( 4 )

14 out 144

15 320 340

17 530 out

is none 56-56 (4 )

(1) Strain A was the strain at the beginning of the acoustic fatigue test and
was recorded in the last column of Table V10I.

(2) Strain B was the strain when the acoustic fatigue test was resumed after
the damage (that had occurred at the 23 hour inspection) was repaired.

(3) Gage No. 18 was added following Lhe repair.

(4) When two integers are separated by a dash, the first of the two strain
readings was taker when the acoustic test war resumed and the second
of the two readings was taken after approximately four more minutes of
exposure. No explanation is available for the differences in excess of
five percent; the differences less than five percent are within the toler--

ances expected for these measurements.
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Following the recording of strains reported in Table VIII, the acoustic fatigue
test was resumed with regular visual inspections of panel A-GG-B-2 at three hour
intervals. Strain gage response was monitored with the gage No. 7 reading being
405 ± 25 micro-inches/inch rms until the test was terminated.t

The addition of the glass doublers in bays 4 and 6 caused these bays to become
as taut as they had been at the beginning of the acoustic fatigue test. The addition of
the glass doublers in bays 4 and 6 did not affect the softness that had been noted in
the center bay 5 before the test suspension at 23 hours of exposure.

The acoustic fatigue test was halted at 116.2 hours of exposure at 186 db SPL.
A hole had developed in the titanium alloy frame of panel A-GG-B-2 (Figure 55) at
113.2 hours of exposure, and did not change much during the next three hours of

8
exposure. The 116. 2 hours is equivalent to 1.23 x 10 cycles when the principal re-
sponse frequency (295 Hz) at gage No. 2 in bay 5 is taken as the average frequency.
The 295 Hz was taken from the spectral density analysis in Figure 61. An average
response of 295 Hz at gage No. 2 was assumed since the on-line third octave spectral
plots of gage No. 7 in bay 5 did not appreciably change during the duration of the test
at 166 dbSPL.

Damage was observed on the free flanges of panel A-GG-B-2 at the 23 hour
V inspection. The damage was not repaired since it was felt that damage would not

reach propcrtions to cause the acoustic test to be halted prior to reaching the test
objectives. The decision not to repair the damage was a correct decision, since the
objective of demonstrating that the test section of panel A-GG-B-2 could sustain8

10 cycles of exposure was reached.

The principal quantitative items obtained in the acoustic fatigue test were the
average strain readings of 550 micro-inchiinch-rms at gage No. 2 and 52 micro-inch/
inch-rms at gage No. 18 and these strains in bay 5 did not produce a failure in

1.23 x 108 cycles of exposure.

~V. 2. (g) Data Analysis
Narrow band spectral analysis was conducted for the strain response and pressure

loading of Table VI at SPLs of 139 db, 148 db, 157 db, and 166 db. The recordings
at 148 db and 157 db were taken principally to have recorded signals if the strain gages
did not survive to 166 db; however, with only two exceptions all gages survived to
166 db.

The pressure during the 139 db run and the 166 db run is shown in Figures 56
and 57. The strain spectral densities at gage No. 2 (in the central bay 5 at the inter-
section with a tee stringer) at 139, 148, 157, and 166 db SPL are in Figures 58 through
61. The strain spectral densities of gages No. 13 (in the center of bay 6), 17 (in bay
4 at the intersection with the tee stringer), and "?n the skin between bays 2 and 5
and opposite the stringer) at 139 db and 166 db . are in Figures 62 through 67.
From observations of Figures 58 through 67, one may note how natural frequencies
shift upward as the overall SPL increases.

For the data analysis presented in Figures 56 through 67, a 2.5 second averaging
time with a 0.6 Hz/second sweep rate with a 6.3 Hz bandwidth filter for the 20 through
250 Hz range was used. For frequencies above 250 Hz, a 1. 0 second averaging time
with a 3.3 Hz./second sweep rate with a 14 Hz bandwidth was used. A six second loop
was used in obtaining all of these data.
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V.3 TEST OF Ac 'STIc PANEI. A-C,-11-3

AcOC-lic panel A -,G-11-i was fabricated -i e'ordii'g to thl)rocedure discussed
in Section IlII. Phe fahil itiUll IW)'OCeCthile as ap:pllied to panel A4U-13-3 resulted in
the mnufacIre of i filat panel with good visible lld lines. (Class douhlers were
1)o Ald :d (itt n d th e Ip ,r ip he ry o f tile li lln ikilli A l t)\, lr a nic (I.' 1,11r e Is ) to ) ' v n l i il _'
f ailures quch a,- had o cc1_u rrled in the actousti.c test of pan l A ,-GG -1 -2. p e e tlu -a c

V.3.a liti-,1 Modxal Surv\'c

in contr: st to the followed for panel A-GU-11-2, an initial iodal
survey of panel :\ -4G -B -3 was coduitced prior to the installation of s'train gages,

primarily hecause the strain Iaqes and the associated wiring of panel A-GG-13-2 were
a hindrance in obtaining the nodal lines with pol\'inyl chloride pellets.

7 In ligure 68 are tie natural frequencies, nod.l lines, and the bay of peak re-
sponse in the initial modal survey of panel A -Gi-B-3.

V.3. 0)i Instrumenkttion, Damping 1actors, and Repetition of Modal Survey

SSiram gages \yere installed on panel A-CU-B-3 and the locations are shown in
Fig'ure 31. Gages No. 19 through 22 were not used on papels A--(G -B-I and
\-,G -- 2, Bhut were istalicd on panel A -GG -B-3 to oi)tain data at acoustic fatigue

-sitve locations.

"t( Ibe strain gages we'e installed the damping factors (Table IX) associated with
•-he -I, .v ol the panel resonances following the termination of loudspeaker excitition
were obtained using the logarithmic decrement method from oscillograph records
of accc rometur ciLgnals.

TABLE LX. DAMPING FACTORS OF PANEL A-CG-B-3

IFrequencv Viscous Damping Factors
(Hz) Bay 4 Bay 5 Bay 6

170 -.. 0-3 -

177 .013 -- .012
! 2 88 [ Bad

348 1'-.015
517 - .011

563 .016

609 -- Bad

721 -- -- Bad

817 Bad

3
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101. Hz 205 Hz

Peaked in Bay 5 Peaked in Bay 5

1 2 3 1 3

8 7 1 ,

339 Hz 383 Hz

___Peaked in B y4 Peaked-in Bay 6

1 2 2 3

524 Hz 583 Hz

Peaked in Bay 5 Peaked in Bay 5

1 2 _ _ 3 _ _ 2 3 _

....._8 __ 9 8c -- 9

Phasing Notation: + means 0 degrees

- means 1.80 degrees

/ means 90 degrees

FIGURE 68. NODAL LINES UNDER LOUDSPEAKER EXCITATION OF PANEL A-GG-B-3

114

L .. .



W I Hz 044 Hi

L A

?712 Hz 7O Hiz

2-3 3 __

(At the 712 and 76u Hz natural frequencies, the nodaL lines for bays 2
and 8 include areas of the graphite-epoxy edge doubler of the panel)

FIGURE 68. NODAL LINES UNDER LOUDSPEAKER EXCITATION OF PANEL A-GG-B-3
(Continued)

Because the natural frequencies reported in Table IX did not duplicate the
natural frequencies of the modal survey reported in Figure 66, the modal survey
was repeated (Figure 691. The irequencies reported in Figure 69 were in general
lower (see the following paragraph) than the ones reported for a given mode shape in
Figure 68. The lowest natural frequency dropped from 205 Hz to 179 Iz. The
reason for the drop was not substantiated but can be at least partially attributed to the
following hypotheses: (1) the addition of strain gages and associated wiring increased
the mass and lowered the natural frequencies, or (2) the stiffness of the panel had de-
creased because the remounting in the test fixture resulted in different boundary con-
ditions.

The lowest resonant response of panel A-GG-B-3 reported in Figure 68 was 101
iz. The lowest resonant response of panel A-GG-B-3 reported in Figure 69 is 90 liz.

But these 101 and 90 Hz frequencies are not natural frequencies. These responses
are due to the excitation not being truly sinusoidal in time and therefore there is an
appreciable excitation level at twice the excitation frequency, which is the lowest
natural frequency of the panel. Therefore, the lowest natural frequency in Figure 68
is 205 Hz and in Figure 69 is 179 Hz.

In Figure 69 only the lower mode shapes are shown and these were estimated
with the use of the roving accelerometer to determine phase changes.
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179 Hz 292 Hz

Peaked in Bay 5 Peaked in Bays 4 and u

2 - 3
' 5 6 4

P~-77 8 - 9 78 "

342 Hz 517 Hz

Peaked in Bay 6 Peaked in Bays 5 and 6

1 2 .. F 1

562 Hz 609 Hz

Peaked in Bay 5 Peaked in Bay 5

L 2 3 2 3

S
5 L1

S8 ;9 J7 I + 9

Phasing Notation; in a bay means 0 degrees for the bay

in a bay means 180 degrees for the bay

/ in a bay means 90 degrees for the bay

FIGURE 69. MODAL SURVEY OF PANEL A-GG-B-3 WITH NODAL LINES ESTIMATED
WITH ACCELEROMETER SIGNALS
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721 Hz 81b iz

Peaked in Bay 5 Peaked in Bay v

8 ~ 9-j7 9

Phasing Notation: + in a bay means 0 degrees for tht bay

- in a bay means 1b0 degrees for the bay

/ in a bay means 90 degrees for the bay

FIGURE 69. MODAL SURVEY OF PANEL A-GG-B-3 WITH NODAL LINES ESTIMATED
WIT H AC CE LEROMETER SIGNALS (Continued)

V.3. (c) Rcsponse to Acoustic Excitation

The procedure used in obtaining the response to the acoustic excitation of panel
A-GG-B-2 was repeated for panel A-GG-1-3.

The strain readings taken as the SPL was increased in 3 db increments are
given in Table X. All of the gages were read at sound pressure levels through 145 db.
In order to conserve test time, signals from only ten strain gages were recorded at
pressure levels above 145 db. It is noteworthy that some strains remained rather
steady in going from 145 to 148 db and no discussion is offered, other than the strains
occurred in bay 6.

V.3. (d) Acoustic Fatigue Test

A visual inspection of panel A-GG-B-3 was made when 30 minutes exposure had
elapsed at 166 db SPL. No damage to the panel was observed. Visual inspections
were then made when 60 minutes and when 100 minutes of exposure had elapsed with
no signs of damage to the joints and the skin of the panel. Subsequently, inspections
were made every 100 minutes until a total of 100 hours exposure at 166 db SPL had
occurred.
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i TABLE X

STRAIN GAGE RESPONSE (MICRO-INCH/INCH-RMS) OF PANEL A-GG-B-3

Overall Sound Pressure Level
2

(db re 0. 0002 dynes/cm 2)

STRAIN 136 139 142 1145 148 151 154 157 160 1 3 1cc
GAGE NO. db mdb db Ibdb d db db db db

1 68 100 116 152 200 234 244 268 290 310 out

2 104 164 190 260 1310 374 400 1430 480 500 560

3 26 44 44 68

4 6 8 12 14
5 14 25 26 36

6 34 56 78 108 124 138 144 150 180 200 220

7 36 74 100 120 136 164 186 216 250 270 320

8 - 8 8 12 14 20 22 28 36 40 56

9 22 34 44 52

10 6 6 8 12

S11 32 46 60 86

12 14 20 30 54

13 16 56 84 110 108 130 154 180 220 230 290
14 58 84 112 140 141 170 214 250 280 310 370

15 20 28 38 54

16 36 50 71) 104

17 48 74 100 146 164 240 300 370 420 470 610

18 12 16 18 22

19 60 86 120 150 154 210 260 326 384 430 550

20 40 58 80 108 108 144 186 220 250 260 310

21 4 6 6 10

22 4 8 10 10
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In addition to the visual inspections at 100 minute intervals, a continuous monitor-
ing of strain from gage No. 4 and microphone signals was made to detect a possible
acoustic fatig-uc failure. No sign of panel failure was obtained from the strain and
microphonc signals.

At the lo00 minute inspection, it was noted that there was severe damage in two
of the adjacent :-15 degree plies of the vertical leg of the tee stiffener between bays 5
and S (see igure 70). The damage included splitting of those plies and delamination.
It was hypothesized that the failure was of a local nature and probably due to bleeding
off too nmuch resin in the cure of the tee sections. Therefore, the damage was not
repaired and the acoustic fatigue test was continued. The damage to the tee section
did not propagate appreciably during the remainder of the acoustic fatigue test, which
was terminated after a total of 100 hours at 166 db SII. was reached.

V.3. (c) Data Analysis

As in the case of panel A-GG-B-2, narrow band spectral analyses for panel
A-GG-B-3 were conducted for the strain response and pressure loading of Table X
at SPLs of 139 drb, 148 dl, 157 db, and 166 dh. The narrow band analyses in the panel
A-(;G-B-3 acoustic test are similar to the analyses of panel A-GG-B-2 given in
Figures 56 through 67.

The power spectral density of the pressure during the 139 db run and the 166 db
run of panel A-GG-B-3 is shown in Figures 71 and 72. The strain spectral
densities at gage No. 2 (in the central bay at the intersection with a tee stringer) at
139, 1-18, 157, and 166 db SPI, are in Figures 73 through 76. The strain spectral
densities o1 ages No. 16 (in the center of bay 4) and 19 (in bay 6 at the intersection
with the tee section at 139 db and 166 db SPL are in Figures 77 through 80. From
observations of Figures 73 through 80, one may note how natural frequencies shift up-
ward as the overall SPL increases.

Other PSD plots of interest are strain gage No. 17 at 166 db SPL (Figure 81) and
strain gage No. 11 at 139 db SPL (Figure 82).

An examination of Figures 71 through 76 that is discussed in the following
paragraphs yields information that reflects differences in dynamic response character-
istics during runs at different excitation levels.

From an examination of Figures 71 and 73 during the 139 db SPL run, there
are peaks, similor to the resonant response of single degree of freedom spring-mass-
dashpot systems, of the strain spectral density at strain gage No. 2, at several natural
frequencies (with the lowest natural frequency at 200 Hz). The rms strain response
in Figure 73 in the neighborhood of 200 Hz is significantly higher than the rms response
in the neighborhood of 100 Hz although the PSD of the excitation pressure in Figure 71
is somewhat higher in the neighborhood of 100 Hz than in the neighborhood of 200 Hz.

From an examination of Figures 72 and 76 during the 166 db SPL run, the
strain spectral density at strain gage No. 2 at 91 Hz is approximately equal to the
strain spectral density at 290 Hz which is the lowest natural frequency. The spectral

shape of the strain response in the neighborhood of 91 Hiz is characterized by its
similarity to th& shape of the spectral density of the acoustic pressure (Figure 72)
whereas the spectral shape of the strain response at 290 Hz is characterized by its
similarity to the resonant response of the single degree of freedom spring-mass-dash-
pot system1
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PANJEL A-GG-B-3
Strain Cage No. 2
148 db run

10 Overall strain 290 micro- inch/ inch, rms
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PANEL A-GG-B-3

Strain Cage No. 2
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PANEL A-GG-B-3I
Strain Gage No. 2
166 db run4

rOverall strain 560 micro-inch/in~h, rms
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PANEL A-GG-B-3
Strain Gage No. 16
139 db run

Overall strain c8 micro-inch/inch, rms

04-l l, T 1+f 4-- 1H ii

m am . :k l i , I .

-- 4 4

44

't~~ 'IT-I 0

1 4 J4 t a

10 10;
FREQUECY (Hz

t t CTR 77 SRANSEC R L.]ST

127l



PANEL A-GG-B-3
Strain Cage No. '6
166 db run

Overall $train = 280 micro-inch/inch, rms
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PAN4EL A-GG;-B-3
Strain Gage No. 19
139 db run
Overall strain -- 92 micro-inch/inch, rms
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PANEL A-(,G-B-3
Strain Gage No. 19
166 db run
Overall strain 570 micro-inch/inch, rms
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PANEL A-CC-B-)
Strain Gage No. 17
166 db run
Overall strain -630 micro-inch/inch, rum
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PANEL A-GG-B3
Strain Gage No. 11

139 db run

Overall strain 55 micro-inch/inch, rms
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An examination of Figures 73 through 76 shows that the lowest natural frequency
increases as the pressure applied to the panel is Increased. Under loud-speaker
excitation, the lowest natural frequency in Table IX was at 174 +5 Hz. Under the
acoustic pressure in the progressive wave test chamber, the lowest natural frequency
in Figures 73 through 76 increased from 200 Hz to 290 Hz as the SPL was increased
from 139 db to 166 db. The increase in natural frequency vith increasing pressure is
attributed to large deflections that result in membrane stresses that become increas-
ingly significant relative to the bending stresses. The similarity of the pressure PSD
and the strain PSD in the neighborhood of 91 Hz during the 166 db SPL run is also at-
tributed to the increasingly significant membrane stresses relative to bending stresses
as the acoustic pressure is increased.

For the data analysis presented in Figures 71 through 82, a 2.5 second averaging
time with a 0.6 Hz/second sweep rate with a 6.3 Hz bandwidth filter for the 20 through
250 Hz range was used. For frequencies above 250 Hz, a 1.0 second averaging time
with a 3. 3 Hz/second sweep rate with a 14 Hz bandwidth was used. A six second loop
was used in obtaining all of these data.

V. 4 ACOUSTIC FATIGUE LIFE

Since the prediction of tho acoustic fatigue life of metallic structures is a technical
area in which improved prediction methods are still being sought, it is not surprising
that a prediction method for the acoustic fatigue of advanced-composite structures,
that include the cross-stiffened panels of the acoustic test program, is still in an early
stage of its development.

In this program, a two-step method which appears promising, was used for the
prediction of the presence (or absence) of an acoustic fatigue failure in the cross-
stiffened, graphite-epoxy panels. In the first step, experimental strains were obtained
at acoustic fatigue critical locations (the occurrence of an acoustic fatigue failure in
of the test panels if it would occur at all, was expected at strain gage No. 2, 17, or
19). In the second step, the absenca of an acoustic fatigue failure (in 100 hours of
exposure at 166 db SPL) wac predicted on the basis of an experimental S-N curve
obtained in the shaker test program. The criterion used for predicting an acoustic
fatigue failure was that failure (at some specified number of cycles of panel response
to the random, acoustic pressure) would occur if the overall rms strain (parallel to
the I-beam details) response in the skin of the acoustic test panels equalled the overall
rms strain response that was obtained in the shaker test program with V-GG-B shaker
specimens (the appropriate S-N curve from the shaker test program is in Figure 98).
The method of obtaining an average frequency of response to relate time to failure and
random cycles is given in Section V. 5.

An improvement to the two-step method described above would consist of pre-
dicting the acoustic fatigue strain level by analytic or empirical methods in order to
avoid rather expensive acoustic fatigue panel tests to obtain experimental strains.
Methods for the analytic prediction of strain at relatively low excitation levels when
linear, strain-pressure relations are applicable are developed in Sections VII and VIII.
When nonlinear strain-pressure relations exist because of large deformations at high
excitation levels, at the present state-of-the-art it is necessary to resort to empirical
methods of predicting the strain. Neither an empirical nor a nonlinear analytic study
was conducted in the present investigation.
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A second item in improving the two-step prediction method would be to include
the effect of biaxial g4rains at the acoustic fatigue critical locations. Since it appears

that the acoustic fatigue critical locations (the joint assemblies) of thin-skinned, cross-
stiffened panels such as those tested in this program, appear to be essentially under

unixial strain, the effect of the smaller of the biaxial strains may be of a secondary

nature. -However, the effect of biaxial strains on the acoustic fatigue life (Reference 1)

was not inconcsequential in the acoustic fatigue failures in the center of the fiber-

reinforced facings of several honeycomb panels.

V.5 ACOUSTIC FATIGUE PREDICTION FOR PANEL A-GG-B-3

An application and discussion of the two-step acoustic fatigue prediction method

that was presented in Section V. 4 follows. The panel under consideration is acoustic

test panel A-GG-B-3.

The PSD curves of strain of gages no. 17, 2, and 19 that are at the center of

long edges of bays 4, 5, and 6, respectively, (see Figures 81, 76, and 80) indicate

that there is significant strain response at diffbrent frequencies under 1000 Hz. In

using the S-N data resulting from the test of panel A-GG-B-3, the overall rms strain,
e, given in Figures 81, 76, and 80 was assumed to exist at an average frequency,

av 22
e

where the curves in Figures 81, 76, and 80 are broken into i intervals and

th
f. is the average frequency of the i interval

2 t
e. is the mean square strain of the i interval

and j
e is the rms strain

Calculations were made according to equation (1) and resulted in:

fa 256 lz for gage 2 (from Figure 76) (2)

fav - 408 Hz for gage 17 (from Figure 81) (3)

and

f = 359 Hz for gage 19 (from Figure 80) (4)
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The conversion to cycles of strain from the 100 hours of acoustic exposure of
panel A-GG-B-3 at 166 db SPL at the average frequencies of equations (2) through
(4) is given in Table XI. Also in Table XI are the predominant resonant frequencies
from Figures 81, 76, and 80 and the cycles corresponding to those frequencies during
100 hours of acoustic exposure.

TABLE XI. CYCLES OF RESPONSE OF PANEL A-GG-B-3
DURING 100 HOURS OF ACOUSTIC EXPOSURE

Strain Average Random
Gage Frequency, Cycles at Predominant Random Cycles at
No. f f Resonance Predominant Resonance

av av

Hz Hz

2 256 0.9x108  292 1.0x108

17 408 1.5x108  450 1.6x108

19 359 1.3x10 8  420 1.5x10 8

The overall strains of strain gages No. 2, 17, and 19 of panel A-GG-B-3 during
the 166 db SPL acoustic fatigue test that was halted (without acoustic fatigue failures
in the joint assemblies) at approximately 1 x 108 random cycles of response were
560, 630, and 590 micro-inch/inch-rms, respectively. From the V-GG-B S-N

curves (Figure 98 of Section VI), the fatigue strength at 108 random cycles is in the
vicinity of 1100 micro-inch/inch-rms, Since the overall strain (Table X) in the gage
No. 2 direction was aproximately ten times the overall-rms strain in the gage No.
18 direction (the two gages being perpendicular to each other), the effect of the biaxial
strain was neglected in predicting the acoustic fatigue life. Therefore, based on the
comparison of strains from acoustic tests and from shaker tests (see the preceding

sentence) and the neglect of the effect of the smaller of the biaxial strains, the pre-
diction was made that acoustic panel A-GG-B-3 (and also acoustic panel A-GG-B-2)
would not experience acoustic fatigue failures in the joint assemblies. The accuracy
of the prediction of no acoustic fatigue failures in the joint assemblies of the flat,
acoustic test panels was verified in the acoustic tests.

In order to determine the influence of the SPL on the rms-strain response in the
fundamental resonance mode of the panels relative to the overall rms-strain response,
the rms strains that respond at the predominant resonances of Table XI were calcu-
lated and are compared with the overall rms strains in Table XII. The partial rms
strains in Table XII are those rms strains in the frequency range between the lower
and upper frequencies of Table XII. The partial rms strains in Table XII were ob-
tained by hand calculations of the area under curves of Figures 76, 80, 81, and 73
after the curves were redrawn on linear graph paper. In Table XII the partial rms
strains represent between 50 and 6 percent of the overall rms strains for gages No.
2, 17, and 19 during the 166 db SPL run and 95 percent of the overall rms strain for
gage No. 2 during the 139 db SPL run. The conclusion is that at low excitation levels
when the strain-pressure relation is approximately linear, the strain response is
essentially in the fundamental mode; whereas at the highest excitation level, a signif-
icant nonlinear strain-pressure relation existed, the multi-modal effects were quite
apparent in the strain response.

135

I-



TABLE XII. CALCULATED RMS STRAINS OF PANEL A-GG-B-3

SPL Strain Lower Upper Peak Partial Overall
Gage No. Frequency Frequency PSD Rrs Strain Rms Strain

db (Hz) (Hz) ((micro. (micro- (micro-
inch/inch)2/ Hz) inch/inch) inch/inch)

166 ' 260 340 2000 283 560

166 17 400 490 4000 425 630

166 19 390 610 2000 347 590

139 2 170 250 1100 166 175

V. 6 CONCLUSIONS FROM THE ACOUSTIC TEST PROGRAM

The tests of panels A-GG-B-2 and A-GG-B-3 demonstrated that high quality,
graphite-epoxy panels with thin 6-ply skins can be fabricated and exposed to a high

8
intensity broad-band acoustic environment for at least 10 cycles without experiencing
acoustic fatigue failures in the skin and/or in the joints. The strain and life data
obtained in the acoustic tests of the two panels showed rather close agreement.

The nominal bay dimensions chosen for the acoustic tests of the cross-stiffened
panels were typical of dimensions in thin-skinned metallic, aircraft structures. The
strains developed in the acoustic tests were too low to produce acoustic fatigue failures
and therefore it is not possible to compare directly the lives of the vibration specimens
in the program with the acoustic panels. However, by fabricating acoustic panels with
larger bays it should be possible in acoustic tests to obtain cross-stiffened panel
failures under multimodal strain response (at some average frequency, fav ) that can

be compared directly with vibration specimen failures under unimodal strain responso.
Such tests would indicate the usefulness of the fatigue life theory based on the average
response frequency and the overall rms response. Also, the effect of biaxial strains
on fatigue life could be observed under such acoustic tests.

The acoustic response tests have resulted in modal and strain response data
that can be compared with theoretical predictions based on orthotropic theory. The
comparison of predicted ,ersus experimental panel natural frequencies and bending
strains is discussed in Section VIII.

1
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VI. ShAKER TEST PROGRAM

VI. 1 OBJECTIVE

There were two principal objectives of the shaker tests. One objective was to
obtain experimental S-N data for different joint configurations and material systems
to determine the relative advantages of the various types of specimens. The other
objective was to demonstrate that experimental S-N data can be obtained and applied
in the design of joints of advanced-composite panels in acoustic environments
without having to resort to acoustic tests with their inherently higher costs to obtain
the experimental S-N data for the joints.

VI.2 GENERAL INFORMATION ON SHAKER TESTING

The shaker specimens were fatigue tested either individually (Figure 83) or three
at a time (Figure 84). The noncontacting displacement probe and the strain gages are
shown in Figures 83 and 84. When the specimens were tested individually, three
specimens were tested at the same strain level at a referenced location (namely, strain
gage No. 2 in Figure 85). When three specimens were tested simultaneously, it was
not possible to begin a test with all three specimens at the same strain level at the
referenced location (namely, strain gage No. 2), although the strain of any of the three
specimens varied, in general, less han ten percent from the median strain of the
three specimens.

A brief general discussion on t4Ae shaker excitation and the methods of determin-
ing the response of the specimens follov's.

X1. 2. (a) Vibration Input Spectrum

For the various specimens the response frequencies of the two sides could be
adjusted to be less than ten Hz. The adjustment was made by grinding material from
the end of the side with the lower response frequency. The response band width of
each side was less than five Hz. Thus, to emcompass the band widths of the two sides,
a 20 Hz bandwidth signal was selected as the standard input. A tracking filter was
used to provide the input signal, which allowed the operator to manually tune the input
to follow the specimen resonant frequency throughout the test. The input to the track-
ing filter was obtained frcm a random noise source with a Gaussian amplitude dis-
tribution.

VI. 2. (b) Response Measurement Methods

Three types of transducers were used to monitor the specimen response. These
were accelerometers, strain gages, and a capacitive displacement probe.

The primary measurement was the strain response of the specimen. Input
vibration levels were set and controlled to produce predetermined strain levels. The
other transducers were used to maintain this strain response after the failure of the
st rain gages.
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(a) Bonded joint

II
(b) Riveted joint

FIGURE 85. STRAIN GAGE LOCATIONS ON SHAKER SPECIMENS

V I.2. (c) Strain Gage System

Several types of strain gages were evaluated for use with these specimens.
The'gage selected as offering the longest life at high strain levels was the Mieo-
Measurements Type EA 13-250-BG-120 with the W option. This option provided
separate solder tabs with strain relief connections to the element. The tabs, lead
wires, and gage element were all encapsulated in a plastic envelope. Gage failures
were usually due to breaks of the foil element over small surface cracks in the speci-
men. Gage installation and operational procedures included the following:

1. Site preparation was by airbrasive treatment and cleaning with acetone.

2. Gages were bonded in place with W. T. Bean type BR-104 epoxy cement,
clamped with a rubber faced pressure pad, and heat cured at 170F for 2
hours.

3. Lacquer insulated, 34 AWG copper wire was used as transition leads from
the gage to solder tabs at the center of the specimen. The transition leads
were secured to the specimen with Duco Cement.

4. Short lead wires joined the single active gage to the three passive elements
of the bridge. No temperature compensation was required for the dynamic
measurements made during this program.

5. The bridge voltage and balance was controlled by a Northrop built system.
Shunt resistor calibrations were also provided. To minimize heat buildup
in the gage, one volt, dc, was used on the bridge.

6. A dc amplifier with variable gain, up to X1000, was used to drive the strain I
gage signal. Calibrations were set at 2000 micro-inch/inch equals one volt.
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7. Shifts in dc output were used to detect gross change in the strain gage or
shaker specimen response, and an atteml)t was made to determine the cause
of the shift. (This procedure was also used for acoustic test panels.) The
shift was then balanced out (no measurement was made of the shift) and the
test was continued.

8. At least four strain gages were installed on each shaker specimen and the
location of the strain gages is shown in Fiigure 85. Strain gages No. 1 and
No. 4 were useful in determining the reslponse frequencies of the two sides
of the shaker specimens. Strain gage No. 3 was used to monitor the strain 4
after the other three gages had failed. Strain gage No. 2 was the reference
gage for S-N data and was not directly above the supporting stiffener; the
closest edge of the grid of strain gage No. 2 was 0.06 inch from the plane
of the edge of the stiffener.

VI. 2. d) Accelerometer System

Microminiature accelerometers were used to backup the strain gage to maintain
specimen response levels after strain gage failure. Endevco Model 2222B accelerom-
eters were used. Tridox F88 cement was used to install the accelerometer to the
specimen.

VI.2. () Displacement Probe

An uncalibrated capacitive displacement probe, using a one-inch diameter disk
on a Photocon Model PT-3 coil, was used to maintain surveillance over the specimen
natural frequency after the loss of all other transducers. A change in specimen natural
frequency was apparent if the rms output of the capacitance gage dropped since the in-
put spectrum to the shaker was stationary.

VI.3 FINAL ESTABLISHMENT OF THE SPECIMEN LENGTH AND END CONDITIONS

The A-2 type shaker specimen (Figure 22), 13.20 inches long with a graphite-
epoxy skin bonded to a graphite-epoxy te2 section stringer, was the first shaker
specimen that was tested. The specimen edges and web of the tee section were clamped
by the test fixture. A maximum sustained strain level of 660 micro-inch.inch-rns at
strain gage No. 2 was obtained under narrow band random input encompassing the
lowest natural frequency of 282 Hz. This strain was considered too low to produce
the desired failure times for the planned S-N curves, so alternate configurations des-
cribed below were investigated.

By freeing the two ends of the specimen described in the previous paragraph,
but still clamping the web of the tee section, the natural frequency of the second sym-
metrical bending mode of the specimen was 74 Hz. Under narrow band random loading
encompassing 74 Hz, a maximum sustained strain level of 1300 micro-inch/inch-rms at
strain gage No. 2 was obtained.

Then the glass doublers and skin at the two ends of the test specimen were sawed
off, thereby reducing the length to 9.24 inches. The suecimen was remounted in the
test fixture and was clamped only at the web of the tee section. For this design and
test condition, the natural frequency of the second symmetrical bending mode was 174
Hz and the strain response at strain gage No. 2 was 2000 micro-inch/inch-rms under narrow
band random loading. A multiple flash exposure with a shaker specimen responding
in its second symmetrical bending mode is shown in Figore 86. The general configura-
tion and clamping conditions were judged satisfactory and used for the remaining
shaker tests.
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VI. 4 SPECIMEN COD G

The following coding was used to identify the shaker specimens:

1. V-GG-B to designate Vibration specimen, Graphite-epoxy skin to Graphite-
epoxy tee section, Bonded joint.

2. V-GG-R to designate Vibration specimen, Graphite-epoxy skin to Graphite-

epoxy angle section, Riveted joint.

3. V-GT-B to designate Vibration specimen, Graphite-epoxy skin to Titanium
alloy tee section, Bonded joint. .

4. V-GT-R to designate Vibration specimen, Graphite-epoxy skin to Titanium
alloy angle section, Riveted joint.

5. V-BT-B to designate Vibration Specimen, Boron-epoxy skin to Titanium
alloy tee section, Bonded joint.

6. V-BT-R to designate Vibration specimen, Boron-epoxy skin to Titanium
alloy angle section, Riveted joint.

To identify a single specimen out of a group, a dash and number were added as
in the following example:

V-GG-B-9 designates the ninth of the V-GG-B specimens.
I

The coding of the three acoustic panels (A-GG-B-1, A-GG-B-2, and A-GG-B-3)
was based on a similar coding method whereby A-GG-B designated Acoustic panel,

Graphite-epoxy skin to Graphite-epoxy I-beams and tee sections, Bonded joints. For
example, panel A--GG-B-2 was the second of the acoustic test panels.

VI-5 FATIGUE FAILURES

The fatigue failures of all the shaker specimens initiated in the skin. For the
bonded specimens, the failure location was at the ends of the bonded joint connecting
the skin to the tee sections (Figure 87). For the riveted specimens, the failure loca-
tion was at the end of the bonded attachment connecting the skin to the backup detail
(Figure 88) that had been bonded to the skin prior to the riveting.

Prior to the start of tests, it was decided that a test would be terminated at 108
cycles if no failure occurred, at a drop of 20 percent in the response frequency from

its value at the beginning of the fatigue test (only specimen V-GT-B-3 had a 20 percent
frequency drop and a fatigue failure was observed at tie final inspection), or if a failurewas observed. An observed failure was defined as a visible crack (without the use of a :

microscope) of approximately 0.01 inch. During the tests, when a crack was approxi- -
mately 0. 01 inch long, it would often propagate rapidly with a simultaneous sharp drop
in the response frequency.

Specimens V-GT-R-2 and V-BT-R-2 were sectioned and photomicrographs were

taken (Figures 89 and 90). The photos give detail indicative of the types of failures

experienced in the shaker tests. Typical magnification in the photomicrography was

50X and standard encapsulation/mounting techniques were employed.
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SFIGURE 89. PHQ'OOMICROGRAPH Or FATIGUE FAILURE
. OF VIBRATION SPECIMEN V-GT-R-2

-'-

FIGURE 90. PHOTOMICROGRAPH OF FATIGUE FAILURE
OF VIBRATION SPECIMEN V-GT-R-2
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Figure 89 shows five plies of the 6-ply [90 ±45]S graphite-epoxy skin (the

lower half of the photo), the FM-123-2 adhesive, and the encapsulating compound. The
Ti-6A1-4V backup plate and the angle section are not shown, but are to the right and
above the adhesive that is shown. Figure 89 also shows a tensile failure in the surface
ply of the graphite-epoxy skin and the interlaminar degradation between the surface ply
and the adjacent 45-degree lamina. The interlaminar degradation extends beyond
the right of the picture.

Figure 90 shows four plies (the lower half of the figure) of the 6-ply [90 ±45] S

boron-epoxy skin, the FM-123-2 adhesive, the encapsulating compound and the titanium
alloy backup plate (upper right corner). The Ti-6Ai-4V stiffener is not shown. A
fatigue failure in the surface ply is evident in the left edge of the figure and an inter-
laminar failure is shown through the length of the figure.

The failures shown in Figures 89 and 90 are typical of the failures observed
macroscopically in all of the tested shaker specimens that experienced fatigue failures.

VI. 6 COMPUTATION OF CYCLES TO FAILURE

The test cycles at failure were computed by summing the products of the specimen
natural frequency (second bending mode) and the noted duration that the response remained
at that frequency. Changes in the response natural frequency, occurring as the bond de-
teriorated, were noted by manually retuning the shaker input to maximize the response
amplitude. This retuning was performed whenever a change was noted in the response
amplitude or on a periodic basis (usually one hour) even if no changes were noted. An
example of calculating the cycles to failure follows for specimen V-GG-B-8 tested at
1800 micro-inch/inch-rms strain.

TABLE XIII. SAMPLE COMPUTATION OF CYCLES TO FAILURE

Accumulated Incremental Response Incremental Cumulative
Test Time Test Time Frequency* Life Life

Imin) (min) (Hz) (cycles) (cycles)

2 2 175 21,000 21,000

7 5 175 52, 500 73, 500

22 15 171 153,900 227, 400

37 15 167 150,300 377, 700

39 2 153 18,360 396, 060

FAILURE*

*The response frequencies noted are the center frequencies of the 20 Hz
'band width input signal to the shaker which maximized the specimen
response at the beginning of the time increment.

**N = 3.96 x 105 cycles at failure.
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VI. 7 TEST PROCEDURE IN INDIVIDUAL SPECIMEN TESTING

Data that were obtained during the test of specimen V-GG-B-5 are presented in
Figures 91 through 97. The curves of these figures are typical of curves obtained on
tests ef other vibration specimens and their presentation is used to demonstrate the
test procedure. The data analysis equipment and procedures used were the same as
for the acoustic panels A-GG-B-2 and A-GG-B-3.

Figure 91 is a sine sweep to determine natural frequencies at a base acceleradon,
excitation level of 1.7 g's rms. The fundamental bending frequency is at 28 Hiz, the
second bending mode frequencies of the two sides of the specimen are at 165 +5 Hz, and
the first torsional frequency is at 200 Hz.

The spectral shapes of the rms strain response at strain gage No. 2 are in Figures
92, 93, and 94. The base accelerations of 5, 10, and 20 g's rms are given in Figures
95, 96, and 97. Note (from Figures 92, 93, and 94) that the peak resonant response
frequency increases from 160 Hz to 175 Hz as the base acceleration input increases
from 5 g's to 20 g's rms. The increase of the second bending resonance is attributed
to nonlinearities resulting from large deflections at higher excitation levels.

The strain gages, in general, did not have a life of more than a few minutes at
rms strains in excess of 600 micro-inch/inch. In recognition of that fact, the caiibra-
tion of the reference strain gage (i.e., rms strain response versus rms shaker base
acceleration excitation) was conducted as rapidly as possible before a gage gave faulty
readings. In the conduct of an S-N test, when there was a discrepancy between the in-
dicated strain reading and the calibration strain, the accuracy of the calibration strain
was relied upon.

VI.8 MULTIPLE SPECIMEN TESTS

To achieve an anticipated shaker specimen fatigue life of 10 cycles at an average
frequency of 180 Hz requires 153 hours of vibration, which would require two to three
weeks calendar time with two shift operations per day. Therefore, in order to conserve
calendar time, the simultaneous test of three matched specimens mounted side by side
on the shaker (Figure 84) was performed.

The response frequencies of the three beams for simultaneous testing, at their
second symmetrical bending mode, were matched by trimming the lengths of one or
both sides of the shaker specimens. Then each shaker specimen was calibrated for its
strain response as a function of input vibration level. A plot of the rms strain level
versus rms vibration level was made as the vibration input, a 20 Hz bandwidth of random
noise tuned to maximize the second bending response, was increased.

Using the aforementioned procedure, the attempt to match the strains at gage
No. 2 of three V-GG-B beams with equal second bending frequencies was unsuccessful.
However, satisfactory success in matching strains at gage No. 2 in three V-GT-B beams
at the second symmetrical mode was achieved. For specimens V-GT-B-10, V-GT-B-11,
and V-GT-B-12. the second symmetrical bending frequencies were adjusted to 191 ±2
Hz. At 17 g'c rms vibration and tuned to 191 Hz with a 20 Hz bandwidth, the strains at
gage No. 2 of the shaker specimens were 1150 L50 micro-inch/inch-rms. The strain
deviation was extremely satisfactory for proceeding with the fatigue test, which is
described in some detail on page 156.
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Strain Gage No. 2
Rxns strain 1375 micro-inich/inch
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During the multiple beam fatigue test, that began with a nominal 1150 micro-inch/
inch-rms strain at gage No. 2, the frequencies of beams V-GT-B-10, V-GT-B-11, and
V-GT-B-12, shifted approximately uniformly. The first frequency shift occurred at

7.5 hours of vibration of beam V-GT-B-12, which failed at 63 hours of test (4.3 x 107

cycles). Beam V--GT-B-11 failed at 82. 7 hours (5, 5 x 107 cycles). Beam V-GT-B-10

failed at 131 hours (8.7 x 107 cycles).

The specimens tested in multiple beam tests are noted in Table XIV which
contains a summary of the single specimen and multiple specimen fatigue test results.
The final test frequency in Table XIV being less than the initial test frequency is attri-
buted to a decrease in stiffness at the joint assembly.

Both short duration and long duration S-N data may be required by the designer.
Based on the experience developed in this program, simultaneous testing of vibration
specimens seemed desirable when long duration data were sought, whereas individual
testing seemed desirable when short duration testing was required. The crossover
point between a long and a short duration test was arbitrarily set at approxirately

15 hours (10 7 cycles at 200 Hz).

The benefits of simultaneous testing in long duration tests are that much calendar
time and labor costs can be saved. The problems of simultaneous testing include the
following:

The response frequency of each of the specimens in the set must be within some
prescribed frequency range throughout the test. The prescribed frequency range
used in this test program was 6 Hz.

Since the frequencies of all of the specimens do not drop uniformly, it is usually
necessary to remove and reinstall specimens before the entire simultaneous
test is completed.

Since, in general, the strain gage at the fatgue sensitive location has already
experienced an internal fatigue failure when a specimen is removed, it is not
possible to be positive that the same strain exists when the test of a specimen
is resumed as existed when the specimen was removed from the test fixture.
While recognizing that there was a possible change in strain, the change in strain
from specimen removal and remounting was considered to be of secondary im-
portance and was neglected in the shaker test program.

It is extremely difficult to obtain test specimens with the same strain at the refer-
ence location at the beginning of the simultaneous fatigue test, even though each
of the specimens has an acceptable initial frequency. Therefore, some accept-
able tolerance on ^he prescribed strain level at the beginning of simultaneous test-
ing should be defird. It may well be that any deviation from the average strain
of the specimens at the beginning of test is acceptable for a particular test pro-
gram to generate experimental S-N data.
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TABLE XCIV. SUMMARY OF SHAKER S-N DATA

Specimen Base Initial1 Strain Cycles Initial Final
Number Acceleration at Gage No. 2 to Failure Frequency Frequency

j(g's, rms) (micro-Inch (Hz) (Hz)
per inch-rms)

V-GG--B-9 55 2504) 2. 0 x 10 5170 144
5

V-GG-B-4 55 2500 1.0 x 10 173 142

V-GG--B-11 55 2500 2.5 x 10 190 159
5

V-GG-B-5 50 2300 1.8 x 10 161 149
5

V-GG-B-14 45 2000 8.8 x 10 196 186
5

V-GG-B-2 40 2000 2. 9 x10 172 145

V-GG-B-15 48 2000 2.1 x 10 ~ 185 178

V-GG -B-i 40 1800 1. 1 x 10 6 173 14G~

V-CG-B-8 42 1800 4.0 x 10 ~ 175 153

V-GG-B-6 44 1800 3. 0 x 10 180 154

V-GG-B-3 35 1400 4.6 x106  158 130

V-GG-B-10 36 1400 2.4 x10 6  198 169

V-GG-B-7 35 1400 1.8 x 10 6172 142

V-GG-B-17 18 1100 1.0 x 10 8* 197 189

V-GT-B-8 42 2500 7.8 x 10 5188 166

V-GT-B-5 52 2500 6.3 x 10 191 163

V-GT-B-3 55 2500 5.9 x 10 ~ 188 149
* 6

V-GT-B-7 35 1800 1.6 x 10 183 169
!5

V-C-T-B-2 38 1800 8.3 x 10 179 159
I51V--GT-B-4 37 1800 7.4 x 10 ~ 196 162

6
Vf-B128 1400 9.7 x 10 187 160

28 1400 6.3 x 106 195 167

V(3TD928 1400 33x10 185 151

7

V-GT-B-11 17 1200** 5.5 xl10 190 176
7

V-GT-B-12 17 1100*A 4.3 x10 189 173

*No fatigue failure when the test was terminated
**A multiple shaker specimen test
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TABLE XIV. SUMMARY OF SHAKER S-N DATA (Continued)

Spec imen Base Initial Strain Cycles Initial Final

Number Acceleration at Gage No. 2 to Failure :Frequency Frequency

(g's, rms) (micro-inch (Hz) (iz)

per inch, rms)

V-BT-B-1 40 1800 1.2 x 103 215 186

V-BT-B-3 33 1300 1.1 x 10 t25 202

V-BT-B-2 40 1100 4.9 x 104 207 197

V-BT-B-8 30 900 5.8 x 105 214 179

V-BT-B-10 30 900 1.6 x 10 5  217 172

V-BT-B-4 30 900 7.0 x 10 213 166

V-BT-B-13 20 750 7.9 x 105 221 183

V-BT-B-11 23 750 6.3 x 10 225 186

V-BT-B-12 23 750 3.0 x 105 227 192

V-BT-B-6 21 600 4.4 x 106 212 173

V-BT-B-7 17 600 4.2 x 106 214 187

V-BT-B-9 24 600 2.4 x 10 213 184

V-BT-B-5 20 600 1.6 x 106 215 173

V-BT-B-15 14 420** 1.4 x 10* 220 204

V-BT-B-16 14 460** 1.3 x 108* 220 200

V-BT-B-14 14 430** 9.9 x 10 7* 220 198

V-GG-R-10 35 2500 7.6 x 105 182 163

V--GG-R-9 38 2500 3.9 x 105 185 165

V-GG-R-8 41 2500 3. 1 x 105 180 157

V-GG-R-3 29 1800 5.3 x 10 6 198 160

V-GG-R-2 29 1800 2.4 x 106 192 167

V-GG-R-4 29 1800 1.7 x 106 185 168

V-GG-R-6 28 1400 6.3 x 106 195 171

V-GG-R-5 24 1400 6.2 x 106 189 170

V-GG-R-7 22 1400 3.4 x 106 180 166

V-GG-R-11 17 1400** 5.9 x 10 7  204 181

V-GG-R-13 17 1240** 1.0 x iG *  200 184

V-GG-R-12 17 1220** 1.0 x 10 8 199 185

*No fatigue failure when the test was terminated

* *A multiple shaker specimen test



TABLE XIV. SUMMARY OF SHAKER S- N DATA (Continued)

Specimen ,3ase Initial Strain Cycles Initial Final

Number Acceleration at Gage No. 2 to Failure Frequency Frequency

(g's, rms) (micro-inch (Hz) (Hz)
per inch, rms)

6
V-GT-R-6 32 2600 1.5 x 10 191 170

V-GT-R-5 27 2603 1.5 x 10 186 167I5
V-GT-R-3 55 2600 7.8 x 10 203 162

i 106
V-GT-R-9 28 2300 3.9 x 10 184 160

6
V-GT-R-7 23 2300 2.0 x 10 190 167

6
V-GT-R-8 28 2300 1.4 x 10 188 168

V-GT-R-1 40 2000 6.1 x 10 213 185
6

V-GT-R-2 22 2000 5.8 x 10 180 154
5

V-GT-R-4 29 2000 9.4 x 10 182 168

V-GT-R-10 19 1600** 1.4 x 107*** 186 181
7

V-GT-R-11 19 1470** 1.4 x 10 185 181

V-GT -R-12 19 1350** 1.4 x 10 189 183j 6V-BT-R-8 22 1100 1.8 x 10 215 170

V-BT-R-9 19 1100 1.1 x 10 6  206 168

V-BT-R-7 20 1100 7.2 x 105 201 165

V-BT-R-3 18 900 1.2 x 136 211 168
5

V-BT-R-1 21 900 9.2 x 10 213 171

V-BT-R-2 23 900 2.3 x 10 5  210 180
V-BT-R-5 13 600 1.5 x 107 205 171
V-BT-R-4 13 600 1.1 x 107  206 166

V-BT-R-6 13 600 1. 1 x 107 205 170

V-BT-R-10 17 620** 4.6 x 10 7  205 177

V-BT-R-12 17 560** 9.4 x 10 7  205 175

V-BT-R-11 17 490'* 1.1 x 10 204 182

*No fatigue failure when the test was terminated
**A multiple shaker specimen test

***No visual inspection was made of these three specimens during the final two hours

of test, but the retuning that was performed one hour before the end of the test

indicated no weakening of the skin of any of the three specimens. The total test

time of each of these specimens was 21 hours.
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VI-9. SHIAKER S-N DATA AND STATIC ULTIMATE TENSILE STRAINS

A summary of the shaker S-N data is in Table XIV and Figure 98. The strains
in Table XIV (and also in the acoustic test program) were estimates of rins strains
obtained visually from true rms voltmeters, with 1 second averaging times and the
accuracy of the strains is estimated to be within ten percent.

The static ultimate tensile strains from Table A-2 of Appendix A are 9300 micro-

inch/inch for the six-ply [90 ±45] S graphite-epoxy specimens and are 4100 micro-

inch/inch for the six-ply [90 ±45] S boron-epoxy specimens. From Figure 98, it

appears that, the rins fatigue strain at 108 cycles under the narrow band random loading
that was exciting the second symmetric bending mode is at least ten percent of the
static ultimate tensile strain of the six-ply laminates.

VI. 10 TEST EQUIPMENT

The vibrator system (which was capable of performing sine, narrow-band random
or broad-band random testing) and its controlling instrumentation are listed below:

1 - Ling Electronics Model 335A Shaker (rated at 17,500 force pounds)
1 - Ling Electronics Model PP-70/120 VC Power Supply
1 - Ling Electronics 'Model SRC-401 RS Control Console containing the following

major items:

1 - Ling SCO-100 Sine Control Center
1 - Ling AAL-101 Acceleration Limiter
1 - Ling NSD-100 No-Signal Detector
6 - Unholtz-Dickie Dl MVS Charge Amplifier
1 - Unholtz-Dickie ACS-6 Accelerometer Selector
1 - Spectral Dynamics SD 101A Tracking Filter
1 - Hewlett Packard 7561A Log Converter
1 - Hewlett Packard 135 AR X-Y Recorder
1 - B & K 2416 VTVM
1 - Ling LA-102 Mixer Amplifier
1 - Ling ASDE 40 Random Equalizer-Analyzer

6 - Endevco 2213C Accelerometer
3 - Endevco 2222B Accelerometer (Microminiature - 0.5 gm)
2 - Photocon PT-5 Displacement Probe
2 - SKL 302 Variable Filter

-I. 11 DISCUSSION OF SHAKER S-N DATA

It is significant that the backup plates (that are desirable in fatigue applications

of countersunk riv tts in the thin skins) that were bonded to the skins prior to riveting the

skin to the stiffeners, in general, resulted in riveted, advarced-composite specimens

that had longer lives than non-riveted specimens. The longer life of the riveted specimens
has been attributed to less stress concentration at the edges (of the bonded area) where
the 'atigue failures initiated in the skins of the shaker specimens. Less stress con-
centration at the edges of the bonded areas is expected when the load trarsfer is from.
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1!
the .tiffeners through the three rivets into the backup plates (bonded to the skins) and
into the graphite-epox' skinq.

In the test data in Figure 98, in general, the vibration specimens with graphite-
epoxy skins have longer life when the stiffeners are titanium alloy rather than graphite-
epoxy. The difference in lift- at a given strain has been attributed to the graphite-epoxy
stiffener being more flexible than the titanium alloy stiffener. Hence, the strain across
the specimer, width (in the vicinity of a fatigue failure) is less uniform and consequently
resul s in a higber stress concentration (and shorter life) at the edge of the width of
the bonded areas (where all tatiWie failures initiated) of the specimens with graphite-
epoxy stiffencrs.

The two preceding paragraphs imply that the specimen life is dependent on the
str ,s concentration at the edges of the width of the bonded areas (where fatigue
fzLilures have initiated) of Le vibration spec.imens. The use of the titanium alloy
stiffeners and the use of rivets with titanium alloy back-up plates bonded to the skin
apparently reduced the stress concentration and led to longer lives. Another promis-
ing method of reducing the silrcss concentration is te use narrower vibration specimens,
although the narrower specimens may not be feasible in the case of the riveted speci-
mens, which in this progran coentained only three rivets. The spacing and size of the
:-ivets in ,he experimental program were based on design procedures that had been
established by Northrop for riveted metallic structures. A recent investigation that
includes the behavior of riveted joints in fatigue applications is reported in Reference
9. Narrower vibration specimens were not chosen for this program since one intent
was to maintain the same width for non-riveted and riveted specimens.

One objectave of the shaker test program was to obtain S-N curves with sets of
six-ply specimens (one of the sets simulates a portion of the bonded joints of the
acoustic tes' program). The S-N cm yes of Figure 98 are useful because they indicate

fe that can he e.pcc ted from a larger population of different types of test specimens.
v)wever, because of the few specimens in each set, the confidence levels associated

with life predictions based on the S-N shaker specimen test results are significantly
lower than the confidence levels associatcd with material allowables for the design
of metallic aircraft structural -lements. However, it does appear that the rms

fatigue strain at 108 cycles under the narrow band random loading of the six-ply
9 0, -45 _S graphite-epoxy and boron-epoxy laminates is at least ten percent of the

static, ultimate tensile strain of the six-ply laminates.
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VqI. THEORY OF OwnIFOTROPiC PANEL RESPONSE

TO ACOUSTIC EXCITATION

In this section are given (1) the general theory for predicting the natural modes
and response of an orthotropic plate to acoustic excitation, and (2) a simplified theory

foi- predicting both the fundamiental mode of an orthotropic plate of uniform .hick-ness
that is fully clamped on all four edges and the response of the plate to acoustic

excitation.

The simplified theory can be used in the design of individual bays of cross-
stiffened orthotropic plates in cases when each of the bays respond principally in its
fundamental mode as though it were clamped on all four edges. The main limitation
of the simplified theory is that the stiffeners around the periphery of a bay are assumed
to be rigid. Therefore, neither the design and/or analysis of the internal structure of
the cross-stiffened panel can be investigated with the simplified theory nor has a cri-
terion yet been developed for determining when the simplified theory can be applied in
the design of the skin. However, it appears that in many cases when the critical
acoustic fatigue location in a cross-stiffened panel is in th'e skin at the joint with the
internal structure, the simplified theory can be applied in the acoustic design.

Applications of the general theory and the simplified theory in the prediction of
the response of unstiffened and stiffened plates to acoustic excitation are presented in
Section VIII. Also in Section VIII is a comparison of experimental results with numeri-
cal results obtained with the general and simplified theories.

The equations of the general theory that are developed below are similar in form
t;' ,.he equations in Reference 10. The development of the simplified theory in Section

follows the approach given in References 7 and 11 for isotropic plate response

ViA GENERAL THEORY

The general theory, described below, is in matrix form. Hence, the ,,neral
theory is suitable for programming for digital computer calculations using the finite
element technique. Most aerospace firms have digital computer programs (e.g., Refer-
ence 12) that to some degree or another perform the calculations required by the gen-
eral theory that is presented in this section. Northrop used its REDYN (REdundant
DYNamics) digital computer program to perform many of the calculations required by
the general theory. A drawback in attempting to apply the general theory is that the
number of finite elements and node points may be prohibitive in a single computer run
computation of several natural frequencies, modal shapes, and stresses at critical
locations (of complex structures) where acoustic fatigue failures seem likely to occur.
Thus major problems may arise when the equations of the general theory are applied in
detailed stress -analyses of advanced-composite panels of non-uniform thickness and
with attachments such as stringers, ribs, frames, etc.

1
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v .. (a) Equations of Motion 1
In matrix form, the equations of motion in the time domain are

r[K Idl + [C] td}+ LM th} If (t)j (5)
where

[K] stiffness matrix

LC- = damping matrix
CMj - mass matrix

jd(t}1  = nodal deflection matrix

If(t4 = nodal force matrix

The equations of motion in the frequency domain are obtained by taking a
Fourier transform of equation (5) and are

[[K]+ i [c] -2 [Mu] ISd(.J I  sfG4) (6)

where

W frequency

Sd(L) Fourier transform of d(t)

Sf( ) = Fourier transform of f(t)

VII. 1,b) Eigenvalue Solutions

The cigenvalue solutions for natural frequencies are obtained from

K {qi) =i2 [Mr {q()} (7)

where
lq~i} = the i th mode shape, the eigenvector

.th

- the i-- natural frequency

Let

[Q = jq, jq(2 )l ....... ] (8)
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Then, 'Qsati sfies the' following Ortihogonality conditions:

t
QLJ (10)

wikh M., being the matrix of generalized masses, and M1 being the generalized
Lhmass SOf the i miodk. Each~ eigenvector may be normalized according to equation (10)

with MIN. being a ge.neralized mass of unit magnitude.IIn~ ore t d etinrig the mod ealiresponses ndMben the frqgnydoanefrslet

wvhere

S (w) - modal amplitude in the frequency domain

Then, substitute equation (11) into equation (6), premultlply the resulting

equation by !LQJ , and use equations (9) and (10) to simplify and obtain

- QQZ {s) (S )(t) (12)

}L

whe re

- w 2 2i Y. W. . (13)
I

and the damping oarix C is assumed to satisfy

-Q5 LC WQ-2 ' - (14)

V Th. 1. (d) Deflection Spectiral Density

The deflection and stress responses to random loaiding are obtained with the use
of their spectral densities. By definition, the cros power snectral density of deflec-
tions at degrees of freedom i and j

li1m S S (15)
d. d. d ) jdT,)- T d. d

whe re the asterisk denotes the-romplex conjugate.

From the definition of 0 d (w), one may showv that 0 d (w) is the complex
ii

W) lm.1 )

d.. - D rn Sd. d. d..) T-:<, I
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The insertion of equations (11) and (12) Into equation (15) produces

where '¢f( )J is a complex matrix whose elements 0f are defined by
11

Of (w) lir S (1 )
i j T_- cc T f

Alternately, f (w) may be expressed as the Fourier transform of the cross
f..
ij

correlation function 1 . f. with
i

*f.(WJ) C Rf. f. (r)e _wdr (19)
J 1]

and

.. ( ) f.. ,) (20)
1 j j I-

where the cross correlation function is defined by

Rf f (rlim 2T fi (t) f. (t + r)dt (21)

VII. 1. (e) Stresses under Arbitrary Excitation

The stress-deflection, noment-deflection, or shear-deflection relationship is

defined

o - IBJ 1d}  (22)

where LBJ is called the stress matrix when c is a stress.

After taking a Fourier transform of a, one may show that the power spectral
den-;itx i, a stress, moment, or shear is

0 w 'B LOdjI B It (23)

nd 0 may he substituted into equation (23) from equation (17).

The mean square value of a is

-2 f ) 0 o (j)dw (24)

0
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VII. 1. (f) Stresses under White Noise Excitation

Under white noise excitation, the spectral density of the force is

O~f] [A]i[011 [A] (25)

where

A.. the area (under pressure) associated with joint i1i

and

Lp] - the power spectral density matrix of the applied pressure

-2In the foilowing, it is demonstrated that & is a function of real components
and not imaginary components of elements of the spectral density matrix, 101f

Let

LB'1 - [BI tQ] (26)

fE] [Q] t [0f] [Q] (27)

rx rc -1 -1~] d
Lxj J z(W) JE] LZ* d,-, (28)

0

X.. - E..C.. E..*C.. X*. (29)
ii Ii 1 ,J JI ]I J l

and
.=. 2F(Yi + )' w) /M. M.

C = i2_ .2 i I 2 +J2 i ( 2 + (30)
ji ij 2 W j + 4 i;, i [ (Y 2 +vY 2) +Yi (Z i 2+ 5 )

The derivation of equation (30) is in Reference 13. In equation (29),

. - b (see equation (18).1 E i f.. becus ff ji

Then
-2 , ,, LX tB . B'

LB JL_hB' - I BX.. (31)i j 1 1J j

Alternate forms of equation (31) are

2 B X,. , 1 X321
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Since the final expression in equations (31) and (32) are equal, a" does not
depend on the imaginary components of Xij. Hence

-2 
(33)2 = 1: 1: B'Re (Xij Ij = [B'J [Re x] LB']

i i I iB'R X =(3

VII. 1. (g) Method of Applying the General Theory

Natural frequencies and modal shapes can be obtained from equation (7). In
several computations discussed in Section VII, 49 nodes and 36 finite elements have
been used in modal calculations using one quadrant of a panel. (Other combinations
used in the calculations were 9 nodes and 4 finite elements, 16 nodes and 9 finite
elements, 25 nodes and 16 finite elements, and 36 nodes and 25 finite elements.) By
properly choosing boundary conditions of a quadrant of a panel that is symmetrical
about both of its center lines, only the quadrant itself rather than the full panel is
needed in the modal analysis. Since only those modes that are symmetric about both
centerlines of the full panel are excited in many test and service conditions, the
analysis of only one quadrant of a panel is adequate in many practical cases.

The damping factors that are needed as input for the response calculations may

be obtained in resonance tests under discrete frequency excitation.

The pressure cross-spectral density, f. (.), is defined by equation (18)

and may be obtained from the analysis of test data or from equation (19) after some
theoretical cross-correlation function Rf f. (-) is assumed. The former approach

ii
may be carried out by making a record on tape of pressure signals at locations i and j
on the panel and then using standard data analysis equipment to obtain the real and
imaginary parts of the cross-spectral density of the pressure.

In equation (21), & may be an rms stress, moment or shear. The amount of
computation in the use of using equation (21) for the prediction of moments, shears,
stresses may be reduced by ignoring modal coupling and computing the deflection,
moment, and shear response of one mode at a time. It is shown in Reference 13 that-
the modal coupling may be relatively unimportant.

V13.2 SIMPLIFIED THEORY

For the bending of anisotropic plates, Timoshenko (Reference 14) uses the equation

a4w &4 W  a4w
D &x 21 . 2 yy 4 - q (34)
xx 4 yy 4

that neglects the twist-pull coupling phenomenon. Equation (34) shall be the basis
for the following simplified analysis for the prediction of strain at the center of the
edges of a rectangular plate of m-ifoiL thickuews (Figure 99) that is fully ciamped or.
all four edges.
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In the dynamic case, replace q in equation (34) with P(t) - M0  
2 in order

to include the plate inertia force. t2

The analysis that follows uses tlie approach in References 7 and 11. It is assumed
that the lateral deflection of the plate is unimodal and can be expressed in terms of the
clamped-clamped beam functions (for the 1-1 mode) of Reference 15. Thus the lateral
deflection is

w(x, y, t) 68 ¢(x) 0 (YY) 1 (t) (35)

Iwith
-(fix) - cosh t6x - cos fx - cr (sinh .8x - sin ftx) (36)

and

(y y) = cosh vy - cos Yy - 9 (sinh ,y - sin Y y) (37)

In the case of spatially uniform, time harmonic loading the pressure is

P(t) = poe i t (38).

y 3,,

b

0 S-x
0 a

FIGURE 99. GEOMETRY AND COORDINATE SYSTEM OF
RECTANGULAR PIATE

Substitute equations (35) and (38) into equation (34), multiply by 0', and integrate
over the plate to obtain

dx4 dx2 dY2 4 ,4

i Q2 d 2  dy 77x
= P pe i  0 o M o 0 -'' 0 dx dy (39)

ff dtJ

The integrals can be evaluated with the use of equations A7 c 'ference 7 and
these integrals are repeated below:

a
0 edx _4a

0
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b

0 dy 46
I. y
0

f 0 2 dx =a

0

b2
S2dy - b

f
0

a 2
A d2f(2 )
dx20

b
¢ d24' dy =0 Y' (2 -0 Y bj

o dy2

0 4

a
-jdx = a

0

b 4
b d 4 dy 4 b

f dy4

=0 .983

and

fit Yb = 4.73 (40)

Carr'in ; out the integration in equation (39) produces
Dxb # 4a+2H & 6 0 Y(2- a a)(2-0 y b)+Dyya 4b] 7

160o iaot d27- YPe -abMd2 (41)

An alternate form of equation (41) is

K 1 + M d2 -7 PpoQ
t 2  Po 0 (42)

dt 0
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with
4 4

K D C Itf a 2Y~fO(2 -fa) (2 -OYvb)+ D Ya Y b (43)

M D a b ' (44)

16 a (45)
'8 Y

and

2 (46)

where w is the natural circular frequency.

The natural frequency expressed in liz is

f (47)

Using the sign conventions of Reference 14 and assuming cross sections remain
plane, the strains are

2

ey 2

andx
2

2 z iQ - (48)

wit alted nsate solution qain4)i

i Q
POF e o

7 7(t) 2 (50)
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Upon introducing viscous damping, equation (49) is modified to

' + w i 2 P o r i D o t

=+2,w17+w7 e 0 (51)

with a steady state solution of absolute value

f(t) K H (.Q0 ) (52)

w=,h 1

,22
i J\21 2 2 [Qo\2 2

K(Q 0 w + 4 (53)

Therefore, the absolute strains at the upper and lower plate surfaces in the
unimodal response are

e h P l H (Q (54)2K dx2 0

and

o
e hpr d 2 !Lo H (o) (55)2K dy2 0

Under harmonic excitation at the fundamental frequency

e [ hp°P d2(
4K- (56)

and

To determine the unimodal rms strain response to spatially uniform, time

random loading, replace p0 e' o t by p(t) in equation (51) to obtain

"7(t) + 2 wq (t)- 2 q(t) = -L p(t) (58)

Upon taking a Fourier transform of equation (35) and (58), one obtaifns
the Fourier transform, denoted by the asterisk, of the deflection

w*(x, y,Q) = -F(. ) p ( (59)
K
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with

II(Q (60)

The spectral densities of the deflection and loading are respsectively

w

and

S T (62

The deflection spectral dens ity in terms of the loading spectral density is

4HW)K S f (63)

With the definition of mean square response

w 9 ~JSwdQ(64)
0

for unimodal response, one obtains

w2 2 2

H OrfHQ) S (.Q)d D (65)

0

For constant spectral density of the applied pressure (i.e., white noise)

HS.Q) 12 d __ 66f 4,

The mean square strains at the surface with white noise excitation are

2 2 2 ,2T)2 r w Sp
hFe (67)

4K \ x

and
22 22 /2\ ,rS

e P _ _-

y 4K2 dY2 4
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Fur strain calculations at the center of an edge of the plate, the beam functions
and the appropriate derivatives are given in Table XV.

TABLE XV. BEAM FUNCTIONS AND SECOND DERIVATIVES
AT THE CENTERS OF THE EDGES

Location , d2_ d20
dx2 dy2

a 222
x -, y 0 1.588 0 -1.216Y 2.0 2

b 2 2x 0, y 2 - 0 1.588 2.0 2  -1.216)'

To obtain the ratio of rms strains at the centers of the edges of the plate,
let

e eX b (69)

and

e2 y ) o, x -, (70)

Upon dividing equation (69) by equation (70), one obtains

01 _ B2 e 2 (71)
e 2  Y,2

which implies that the strain is larger at the center of the long edge than at the center
of short edge as is the case for isotropic plates of uniform thickness.

VII.3 DEFINITIONS OF PSD

This subsection has been included in order to prevent the misuse of theoretical
equations and/or computer programs for the prediction of deflection and stress response
to acoustic excitation, which is expressed in terms of the PSD of the pressure.

Miles (Reference 16) defined the mean square value of a random function F(t) with
a power spectral density f (w)

F (t) 2 = ff () diL (72)

Thus, F (t) could be calculated if the average f (w) in each of an infinite number of
small frequency bands dw were obtained (e.g. experimentally obtain the average pres-
sure in each of the frequency bands dw) and summed over all the frequency bands.
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On the other hand Hlurty and Rubinstein (Reference 17) state that

y(t) = -I-nf y (-Q) d.Q (73)

0

It is obvious that it

y" (t) = F(t) (74)

then the power spectral densities y (Q) and f(w) cannot be equal to each other If each
of equations (72) and (73) are correct.

A proof of equation (73) and the reason for y (Q) 4 f(w) even though -oth are
called power spectral density of the same process follows.

Assume that y(t) is alrost stationary for -T < t < T Then the spectral
(tensity is defined

y~ a ) * } 1 2
T (75)

with the use of the Fcurier transform

y*(-Q) =f y(t) e - i  dt (76)

Because

-i-Q t
C =cos Q t-i sin DQt (77)

then

2 y (Q)dQ -f y (.) dS (78)
O -

Note that y(t) and y*(Q) are a Fourier transform pair and because of equation (76)

y 2(t) = I Y* (Q) ei tdS (79)

Another Fourier transform pair (y* and y) to be used in the following are
defined by c.C.

Y*c.c. ( fQ) f y(t)ei dt (80)
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and

y(t) , Lj "*e. e1t d9 (81)

A substitution of equation (75) inte equation (78) yields

c 2

(Q QT dQ (82)
0 -00

The right side of equation (82) is

f I (Qy* 1~ fm yf (]

-T- Y* . Ty d - y*c ) (t) e -i tdt dD (83)

-- c OC L -rr,

Upon changing Lhe order of integratior in the right side of equation (83), one
obtains

S Y . ( ) e-iQtd dt = y2 (t) dt (84)

because of equation (81).

2

But since y 2t) is a real number,

(t) dt y (t) dt (85)

-Z 0

Since the left side of equation (82) equals the right side of equation (85) as a result of
the development of equations (83), (84), and (85), then

Y (t dt = -f y(Q) ds2 (86)

0 0

But the left side of equation (86) is the mean square value of y(t). Hence equation (73)
is proved, namely,

2 1 so

y (t) 1 y (.?) dA? (87)

0

In the equations developed in section VII. 2 and in their application in Section VIII, the
approach of Miles rather than that of Hurty and Rubinstein was used for establishing
PSD.
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VIII. APPLI(C.A'I'()NS OF STIIISS ANALY,'SIS METIIODS

"l'hks section dtvided into four subsections. In the first subsection is an analytic
investigation (and some comparison wiih expcriments) of the free vibrations and dy-
namic stress analysis of unstiffened and c ross-stiffened, isotropic panels using the
theoretical av'proaches discussed in Section VII. The procedures and results in sub-
section VU-. I are used as a guide in an analytic investigation (in subsection VIII. 2)
of the fre, vibrations and stress/strain response of unstiffened and cross-stiffened
advanced-conposite panels that are subjected to random, acoustic excitation. In sub-
section VIII. 3 is a static stress analysis of the bonded joint assemblies of the acoustic
test panels and the shaker test specimens. The results in subsection VIII. 3 were used
in selecting the dcsign of the shaker test specimens. In Section VIII.4 is an investiga-
tion of residual stresses (and their effect on buckling) in panel A-GG-P 1 resulting
from the cooling from the 250F bonding temperature. The results in subsection VIII. 4
were used in establishing the design of acoustic test panels A-GG-B-2 and A-GG-B-3.

The methods presented in subsections VIII. 1 and VIII. 2 are methods which can
be applied to the design of skins and possibly to the design of internal structure of
panels subjected to acoustic loading. The method presented in subsection VIII. 3 is
shown to be applicable to the detail design of bonded joint assemblies of panels sub-
jected to acoustic excitation and appears to be applicable when the bonded joint assem-
blies arc replaced by riveted joint assemblies. The analysis in subsection VIII. 4 is
useful in investigating the possibility of buckling of the thin-skinned, cross-stiffened
panels when a cool down from a boundary temperature introduces residual stresses
in the panel.

VIII. 1 FREE VIBRATIONS AND DYNAMIC STRESS ANALYSIS OF ISOTROPIC PLATES z
AND BEAMS

An objective of the analytic effort was to develop an analytic procedure to predict

the natural modes and the strain/stress response of flat, cross-stiffened. advanced-
composite panels subjected to random, acoustic excitation; and equations for these
predictions have been given in .',tion6 VII. Moreover, the cnitractor had avai1-br
at the outset of the effort, the REDYN (REdundant DYNamic) digital computer program
to perform calculations required by the general theory (presented in section VII. 1).
The methods of utilizing REDYN that are described in this report can be used by the
various aerospace companies, universities, etc., that have digital computer programs
that can perform the calculations of stress response to acoustic excitation.

It was deemed unwise merely to conduct an analytic investigation on cross-
stiffened, advanced-composite panels since there were not enough experimental data
to assess the validity of a multitude of calculations. Therefore, the analytic approach
that was taken in this program was to investigate analytically several problems that
could be posed for both isotropic panels and advanced-composite panels by first con-
ducting the investigation (which is in this subsection) with isotropic panels. Then with
the results and methods of this section to serve as a guide, an analytic investigation
(which is presented in subsection VIII. 2) was conducted on the free vibrations and the
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dynamic strain/stress response of advanced-compositv panels subjected to randon-,
acoustic excitation. The results of these analytlic investigations indicate that thc
methods of analysis presented in Section VII can be used in the design of skins of
either isotropic or orthotropic cross-stiffened panels. No check of the theory was
made for the design and/or stress analysis of the internal structure. The stress
analysis of a joint assembly itself is given in subsection VIII. 3.

VIII. 1. (a) Unstilfened Square Plate

An unstiffened, flat, rictangular aluminum alloy plate, clamped on all four

edges, with dimensions 21.00 x 21.00 x 0. 10 inch was chosen as the model for the

calculations with Young's modulus of 10.6 x 106 psi, Poisson's ratio of 0.34 and a
density of 0.10 lb/in 3 , Deflections and stresses resulting from fully correlated acous-

tic loading and natural frequencies and modal shapes are reported in the following.

1. Natural Frequency and Modal Shape

Fundamental frequencies were obtained by different methods and are given
in Table XVI. In some calculations with REDYN, the grid points were at the
intersections of equally spaced grid lines (parallel to the plate edges) through-
out the plate; in other cases when symmetry cunditions about both center
lines 3f the plate were used, the grid points were at the intersections of
equally spaced grid lines only in one quadrant of the plate (e.g., Figure 100).
The closest agreement to the fundamental frequency obtained with beam func-
tions (i.e., the simplified theory) occurred with the rectangular finite elements'
and implies that the rectangular option of REDYN is preferable to the triangular
option.

When 36 nodes and 49 square elements were used with REDYN and when the
distance between nodes was reduced by 50 percent, the fundamental frequency
was increased approximately three percent; i.e., the frequency was increased
from 77.7 Hz to 79.7 Hz (see Table XVI). In other words, by utilizing the con-
ditions of symmetry and using the same number of nodes for the eigenvalue
problem, a three percent change in natural frequency occurred. Therefore,
the fundamental frequencies that were obtained with REDYN (even where con-
ditions of symmetry are nonexistent and impose a full plate analysis with
49 nodes) were considered satisfactory for the acoustic design of the plate.

The mode shapes along a center line of the plate were calculated using
(i) the clamped-clamped beam fuinction approach and (ii) TREDYN with tri-
angular and with rectangular elements when only one quadrant of the plate
and conditions of symmetry were used w'th REDYN. The results are pre-
sented in Table X-VII and are normalized to unity at the center of the plate.

The finite-element approach and the beam function approach are both approxi-
mate analytical methods. Convergence of the lowest frequency and modal
shape has not been shown because of limitations on the storage capacity of
computers. However, the close agreement between the results (natural
frequency in Table XVI, modal shape in Table XVII, and stress and deflectii;.
response to acoustic loading that are reported upon subsequently) obtained
with the beam function method and the rectangular finite element (RFDYN)
method indicates that both methods give good results.

2
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= TAB3LE XVI. FtiNI)AMENTAL F111-;Q(1ENCIES

Beam Experi-
I LIDYNFunctions mental(4 )

_____________

Elements~1  _1 0~ 0 0

Quadrants~2  1 1 4 4

Nodes 36 49 36 49 36

Fundamental

Frequency, Hz 76.1 77.0 79.7 78.4 77.7 80.7 76.00

(1) A1 Triangular elements, ci square elements (the rectangular option
of REDYN)

(2) Either one quadrant and conditions of symmetry were used ii. e finite
element analysis or all four quadrants were used.

(3) The average fundam-ental frequency of three plates, with edge dimensions
approximately 21. 0 x 2 1. inch at the junction of the unsupported plate
area and the supports, was 76 Hz when excited at 139 db SPL. The
supports were to simulate theoretical clamped boundary conditions. The
experimental fundamental frequency may differ from the predicted fre-
quency based on fully clamped boundary conditions because the ideal
boundary conditions were not obtained experimentally and/or nonlineari-
ties due to the excitation level existed.

(4) The experiments are reported in Reference 18.

21.00 2lO

apr m021.0 2

a aNde s36 NodeLT
72 Elements 5 Elements

(Figure 100.a) (Figure 100.b)

FIGURE 100. FINITE ELEMENT MODELS
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TABLE XVII. 'II:Ot{-TICAI, MOID SIAPE:S

LOCATION DF FLICTION

B REDYN, 36 Nodes, REDYN, 36 Nodes,
Functions Triangular Elements, Rectangular Elements,One Quadrant One Quadrant

(in.) (in.) (in.)

0.0 .00 .00 .00

01 .14 .12 .13

0.2 .43 .39 .41

0.3 .67 .69 .71

0.4 .94 .97 .92

0.5 1.00 1.00 1.00

2. Theoretical Dynamic Deflections and Stresses

As a check on the calculations performed using REDYN (with triangular

finite elements in one quadrant of the panel), a comparison was made of the

free vibration modal shape aad the rms deflection response to fully corre-

lated, white noise pressure loading for a case of unimodal response. The

comparison showed the single mode response shape was the same as the

free vibration modal shape; and, hence, a necessary condition for the accu-

racy of the finite element method was satisfied.

RMS deflection, strain, and stress response to fully correlated, white noise
exciting only the fundamental mode was calculated %kith the clamped-clamped
beam function method and with REDYN with triangular and with rectangular
elements. Since the bendino moments that are calculated by REDYN are for

centroids of the elements rather than for the nodes, the bending moments
from REDYN were extrapolated by hand to the center of the plate. The

results in Table XVIII were based on fully correlated, white noise, acoustic

pressure with a spectral density of 30.0 x 10 - 6 psi 2Hz. A damping factor
of 0.017 was used in the calculations.

In Table XVIII, the theoretical results obtained with the clamped-clamped
beam function method and the rectangular finite element method with extrapo-
lations show good agreement. Extrapolations were necessary when the cal-
culated quantities were not at the desired locations. As expected, the
agreement improved as the mesh size in the finite element calculations
decreased.
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VIII. 1. b) UnstLifftned iBeam

A beam, simply suppor4ed on both ends and 21.00 in. long x 1.00 in. wide x 0. 10
in. thick, was chosen as the model for the calculations. For the beam, Young's mode-

lus of 10.6 x 10 psi, Poisson's ratio of 0.34, and a weight density of 0. 10 lb/in. 3 were
assumed. The fundamental frequency and mode shape (Table XIX) and the deflection and
stresti jTable XX) at the beam center were calculated with REDYN and by hand with the
use of Young and Felger's beam functions and are reported below. The computations
with REDYN were with 6 finite elements and 7 nodc points. The results in Tables XIX
and XX show good agreement even for the few elements used with REDYN and imply
that the finite element method can be successfully used for the dynamic analysis of
panels with beams as stiffeners.

TABLE XIX. THEORETICAL MODE SHAPE

LOCATION (1) DEFLECTION

BEAM FUNCTION REDYN
SIn. in.

0.00 0.00 0.00

0.17 0.50 0.500.33 0.87 0.87

0.50 1.00 0.87

0.67 0.87 08

0.83 0.50 0.50

1.00 0.00 0.00

(1)The left end of the end beam corresponds to x 0, and the length
of the beam equals L.

TABLE X. NATURAL FREQUENCY AND STRESS AT THE CENTER
OF BEAM, SIMPLY SUPPORTED PT BOTH ENDS

ITEM (1 )  BEAM FUNCTION REDYN
Deflection, in. -rms 0. 323 0. 321
Principal Stress, ksi-rms 3.82 3.74

Fundamental Frequency, Hz 20.7 20.3
(1)

The predicted deflections, strains, and stresses are based on
fully correlated, white noise, with a spectral density of 30.0 x

10 - 6 psi2 /Hz. The discrepancy between results in using REDYN
and the beam function methods is due to a slight difference in
beam stiffness as input to REDYN and to the beam function
calculations. A damping factor of 0. 017 was used.
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VIII. 1. (e) Effect of Node locations on Stress Predictions of Cross-Stiffened Panels

Two mathematical models (Figure 101) were used to investigate with REDYN the
effect of the finite element tiode locations on predictions of natural frequencies and
stresses resulting from acoustic loading of cross-stiffened panels. The method of
locating nodes is especially important when stresses are predicted since local rms
stre3ses are wanted and not average stresses in large finite elements.

Model M-1 of Figure 101 has relatively uniform spacing; i.e., each of the nine
bavs of the complete panel is presented by four finite elements. Model M-2 of Figure
101 consists of only one quadrant of the complete panel and the central bay has 16 finite
elements, the end bay has 4 fCnitc elements, and the other two bays have 8 finite ele-
ments each. The intent in constructing model M-2 is to have fine finite elements at
the center of the central bay and at the center of the edges of the central bay since
thes,, are locations of high stress in the skin of an experimental or service panel.

Computer runs were made with REDYN for the mathematical models of Figure
101 with th,. data of Table XXl. In Table XXT, the material chosen for the skin and
stiffening elements was an aluminum alloy.

rhe nominal bay dimensions of the panel in Figure 101 and the geometry in Table
XXI of the I-beams, tee sections, and skin was the geometry used in the design of the
cross-stiffened, graphite-epoxy panels of the acoustic test program.

t The lowest four natural frequencies of models M-1 and M-2 are in Table XXII.
The agreement of the natural frequencies is excellent.

The results of several dynamic analyses are in Table XXIII. Results from REDYN
with both a single mode solution and a four mode solution with model M-2 are included
in Table XXIII. Also in Table XXIII are the hand calculation results of a one mode
solution using clamped-clamped beam functions for a rectangular aluminum alloy plate
clamped on all four edges and of dimensions 10.00 x 7. 00 x 0. 025 inches. The 10 x 7
inch rectangular plate was chosen to simulate the central bay of the cross-stiffened
models M-1 and M-2.

The deflection and stress in Table XXIII resulted from a spatially uniform, white
t-6 2
noise, acoustic loading of 30 x 10 psi /Hz. A damping factor of 0.017 was used.

The close agreement of natural frequency and deflection in the last three columns
of Table XXIII indicate that in the fundamental mode the central bay of the cross-siffened
panel behaves somewhat as though it were clamped on all four edges. However, the
deflection of the stiffeners on the four edges of the central bay tends to shift the stress
distribution in the skin from the stresses calculated with the clamped-clamped beam
functions. There is no experimental data for comparison with the theoretical data of
Table XXIII; hence, the only conclusion that is drawn from the data of Table XXIII is
that the finite element analysis (and also the simplified theory using beam functions)
may be used for the dynamic analysis of cross-stiffened panels.

It is interesting to note that the deflection (in Table XXHI) increased substantially
when multi-modal response is considered whereas the stress did not change
significantly.

In Table XXIII, no stresses are reported for Model M-l, since those computed
stresses are averages for large finite element areas and are useless.
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TABLE XXI. MODEL TO INVESTIGArE THE EFFECT OF NODE LOCATIONS

Overall icnth, in. 26.

Overall width, in. 17.0

Spacing of central I-sections, in. 10.0

Spacing of central tee-sections, in. 7.0

Shear modulus, psi 3.95 x 106

Young's modulus, psi 10.5 x 106

Poisson's ratio 0.34

Area of I-sections, in. - 0. 1238

Bending inertia of I-beam about

axis normal to plate, in. 4  .1625

Bending inertia of I-beam about the

other principal axis, in. .00417
.4

Torsional constant of I-beam, in. .00003

Offset of centroid of I-beam to
plate midplane, in. 1.5125

2
Area of tee-sections, in. .00434

Bending inertia of tee-section about

axis norma] to plate, in. .0034

Bending inertia of tee-section about

the other principal axis, in. 4  .00142

Torsional constant of tee-section, in. .00001

Offset of centroid of tee-section to
plate midplane, in. 0.465

Damping factor of fundamental mode 0. 017

Damping factor of other modes 0.017

Weight density, lb/in. 0.100

Thicaiess of skin, in. 0.025
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TABLE XXII. NATURAL FREQUENCIES

Model Model
M-1 M-2

Lowest Frequency, Hz 130 129

First Harmonic Frequency, Hz 154(1) 154

Second Harmonic Frequency, Hz 227 227

Third Harmonic Frequency, Hz --- 249

MA repeated root because of symmetry about both
center lines.

TABLE XXIII. THEORETICAL FREQUENCY AND RESPONSE DATA

T REDYN (1)

M Clamped-ClampedModel Model Model biam Furnc:tionsM-2 M-1 M-2 1 Mode

4 Modes 1 Mode 1 Mode

Fundamental Frequency, Hz 129 130 129 128

Deflection at the Center
of the Central Bay, 0.420 0.165 0.157 0.175(2)

in. -rms

Stress at the Panel

Center(3) 8.0 --- 7.9 10.7

ksi-rms

Stress in the Skin at
the Center of the Long 11.7 11.6 15.1 (4 )

Edge of the Central Bay,
ksi-rms

(1) All REDYN calculations for Model M-2 are based on symmetry about both

center lines of Model M-1.

(2) Deflections at the panel center.

(3) The maximum extensional stress; i.e., the stress in the width direction.

(4) The stress at the center of the long edge of the plate.
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VIII. 1. (d) Warning on Use of the Simplified Theory (of Section VII.2)

It mas just shown that with the stiffener and rib spacing that produced a 10.0 x 7.0
inch central bay of a (nine-bay) cross-stiffened panel, the cross-stiffened panel could
have been modeled (for the purpose of obtaining the princiral dynamic characteristics
of the fundamental mode) by a rectangular plate that was clamped on all four edges
and that had the geometrical, elastic, and physical properties of the central bay of
the cross-stiffened plate. However, this modeling procedure may produce unsatisfac-
tory dynamic characteristics of the fundamental mode of some cross-stiffened plates.

To demonstrate a case when unsatisfactory results are produced by this modeling
procedure, calculations were performed with REDYN for nine-bay, cross-stiffened
panels with a central bay of 21.0 x 21.0 x 0.10 inches. The length andi width of the cross-
stiffened panels are Included in the discussion of the computed frequencies in the next
paragraph. The choice of a central bay with dimensions of 21.0 x 21.0 x 0.10 inches was
maae in order to obtain data for comparison with data presented in Section VIII.l.(a) for
a 21.0 x 21.0 x 0.10 inch plate, that is clamped on all four edges. The stiffeners and
ribs of these cross-stiffened panels have the properties reported in Table XXI.

The lowest natural frequency computed with REDYN is 63.8 Hz for a plate with
the 37.0 x 37.0 x 0.10 inch overall skin dimensions and a 21.0 x 21.0 inch central bay
and is 57.0 Hz for a plate with the 23.0 x 23.0 x 0.10 inch overall skin dimensions and
a 21.0 x 21.0 inch central bay. In the REDYN calculations for the fundamental fre-
quency of the cross-stiffened plates with overall dimensions of 37 x 37 and 23 x 23 inch
dimensions, the finite element model consisted of only a quarter of the panel.

From Section VIII. 1. (a), the lowest natural frequency obtained with the clamped-
clamped beam function for a 21.0 x 21.0 x 0.10 inch plate clamped on all four edges is
80.7 Hz; and the fundamental frequency of a 21.0 x 21.0 x 0.10 inch aluminum alloy
plate that is simply supported on all four edges is 44.1 Hz when obtained using the beam
function approach. Hence, the calculated fundamental frequency of neither the
37 x 37 nor the 23 x 23 inch cross-stiffened plates compares favorably with the funda-
mental frequency of the unstiffened 21 x 21 inch plate, regardless of whether the un-
stiffened plate is simply supported on all four edges or is fully clamped on all four edges.

Some easy-to-apply theory is needed to determine when the simplified theory is
applicable for the prediction of the fundamental frequency of a cross-stiffened plate.
Until such a criterion is developed, it appears that the simplified theory produces an
upper bound on the fundamental frequency of a cross-stiffened plate.

VIII. 1. (e) Effect of Flanges of Stiffeners on Dynamic Characteristics of Stiffened Panels

The calculations with REDYN are based on a certain set of inputs to characterize
the skin and stiffeners. The cross-sectional area, the bending rigidities about the
principal axes, and the torsional rigidity of the stiffeners are computed by hand and
submitted as input to REDYN. The stiffeners are then identified by REDYN as lines
with no thickness but with extensional, bending, and torsional rigidities. Hence, the
total effect of a stiffener's flange that is bonded or riveted to the skin is not automatically
taken into account by this procedure with REDYN, since the local stiffening around the
periphery of a bay of a multi-bay panel may not be adequately defined.

For example, when the flange thickness of the stiffener that is attached to the

skin is approximately as thick as the skin or is thicker than the skin, the flange may
stiffen the periphery of a bay considerably, as demonstrated below.
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A 10.0 x 7.0 x 0.025 inch aluminum alloy plate has been chosen as a model. The
plate is clamped on all four edges. The fundamental frequency is 139 llz when com-
puted by REDYN (using 49 nodes in one quadrant of the panel). When the thickness
of the 10 x 7 inch plate is altered so that the thickness is 0. 025 inch within the 9. 0 x
6.0 inch central section and 0. 050 inch around the periphery then the frequency as
computed by REIDYN increases to 174 Hz. (In this computation of 17- lHz, the 9. 0 x
6.0 inch central section is symmetric about both centerlines of the plate.)

For comparison, the fundamental frequency of a 9.0 x 6.0 x 0.025 inch aluminum
alloy plate that is clamped on all four edges is 184 Ilz when computed by REDYN with
the use of 49 nodes in one quadrait. Hence the 10 x 7 inch plate (of the preceding
piaragraph) with the two thicknesses has a fundamental frequency much closer to that
of a 9 x 6 inch plate than to a 10 x 7 inch plate.

The implication from this investigation is that to predict accurately the fundamen-
tal frequency of the multi-bay panels with bonded stiffeners, the portion of the flange
that is bonded to the central bay must be considered part of the central bay.

vIIl.2 FREE VIBR.ATIONS AND DYNAMIC STRESS ANALYSIS OF ADVANCED-
COMPOSITE PANELS

The method of predicting the free vibrations and the strain/stress response
of advanced-composite panels subjected to random, acoustic excitation is presented
in this subsection. The method and results of the investigation (subsection VI'i. 1)
on the free vibrations and the strain/stress response of isoLropic panels served as
a guide to the analysis in this subsection.

VIII. 2. (a) Material Properties

Material properties of the Fothergill/Harvey Courtaulds 4617/HT-S graphite-
epoxy system are given in Appendix A and are summarized here.

In tension and cory dression tests of unidirectional laminates of 0.025 inch average
thickness and 62.8 percent average fiber volume, the average elastic moduli of

E1 22.7 x 106 psi

E9 - 1.53 x 106 psi

and

v 0.34

were obtained.

In rail shear tests of rectangular cross-plied laminates (with the fibers parallel
or perpendicular to the specimen edges) with an average fiber volume of 57.8 percent,

6
a shear modulus of G -- 1.0 x 10 psi was obtained.

The principal reason for obtaining the numerical values of E E Vl, and G I
1'1 2' 1'

that were given above was to utilize those parameters in calculations of the bending

188



and torsional rigidities of the six-ply [0/t45]. skin and the 1145/0'5 internal structure
of the acoustic test panels.

Since the average fiber volume of the six-ply L0/J45]S skin of panel A-GG-B-1

w:s 56.1 percent, whereas in the tests reported above the average fiber volume was
62.S and 57.8 percent, it became necessary to modify E l , E2 and C by reducing them
in proportion to the decrease in fiber volume.

The reduction resulted in E 20.2 x 106 psi, E 2 9  1.53 x 106 psi, v1 :0.34,
F 105

and G 0.974 x 10 psi.

However in the coupon tests (reported in Data Sheets 6, 7, and 8) with material
used in fabricating sidns of the acoustic test panel, A-GG-B-3, it was noted that the
average skin thickness was 0.027 inch. Therefore to compensate for the eight percent
increase in the thickness of 0.025 inch in the initial coupon tests, the elastic moduli
were reduced eight percent more to reach final values that were subsequently used inanalysis of E 1 = 18.6 x 106 psi

I 6E 2 = 1.26 x 10 psi

anad

G .895 x 106 psi

with

v = 0.34

These latter values were used as input to the SQ5 advanced-composite computer
program developed under Contract F33615-69-C-1494 to obtain the elements of the
A, B, and D matrices in the equation

N? [ A R] (88)

and to obtain the average inplane elastic constants. However, only elements of the
D matrix were used in the stress analysis. With the 0 degree direction of the six-ply

0/ '45 skin of 0.027 inch thickness coinciding with the x-axis of Figure 99, the

computed bending and twisting rigidities were

D = 24.6 lb in.
x~x

D = 2.60 lb in.
xy

D 4.44 lb in.
yY

D = 1.59 lb in.

D = 3.36 lb in.
zz
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and the average in-plane elastic properties were

E = 8.29 x 10 psix -av

E = 3.61 x 106 psiy -av

Vxy-av= 0.672

Oxy-av 3.49 x 106 psi

VIII. 2. (b) Unstiffened Plate

The simplified, unimodal theory (the beam function approach) and the finite
element approach with REDYN were used to calculate the fundamental frequency and
the strain at the center of the long edge and at the center of the short edge of an ortho-
tropic plate that was clamped on all four edges and that possessed the following
properties:

9.0 inch length

b 6.0 inch width

h 0.027 inch thickness

V = 0.0504 lb/in3 density
C

D = 24.6 lb in. rigidity
xx

D = 4.44 lb in. rigidity
yy

D ZZ 3.36 lb in. rigidit

D - 2.60 lb in. rigidity
xy

The model above w-as intended to simulate the central bay of the cross-stiffened,
graphite-epoxy test panels. D and D were assumed zero for a variety of reasons

xz yz
including (1) in a thin-skinned, advanced-composite plate D and D are relatively

xz yz
small compared to Dxx, and (2) the finite element computer program (REDYN) did

not include the D and D terms.
xz yz

The choice of the 9. 0 x 6.0 inch edge dimension was based on the fact that the

I-beam and tee section details of acoustic test panels supported the nominal 10. 0 x 7. 0

inch central bay approximately 0. 5 inch around the periphery, thereby reducing the
unsupported area of the central bay to 9. 0 x 6. 0 inch. The effect of flanges of stiffeners

on dynamic characteristics of plates was discussed in detail under subsection VIII. 1. (e).

The computations of fundamental freouency and the unimodal strain response at the

center of the long and short edge of the plate to fully correlated, white noise are given
in Table XXIV. The computations are based on a pressure PSD of 1.21 x 10-6psi 2/Hz

which from Figure XXI appears to be a reasonable estimate of the acoustic excitation

during the 139 db SPL test for panel A-GG-B-3. The strain gage No. 2 and No. 7 response
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during the 139 db test runs for panels A-GG-W-2 and A-GG-B-3 are also in 'Fable XXIV.
No data on panel A-GG-11-I are considelcd because the initial curvature would invall-
date the flat plate analysis.

TABLE XXIV. COMPARISON OF EXPERIMENTAL RESULTS
OF CROSS-STIFFENED PANELS WITH RESULTS

USI-NG UNSTIFFENED PLATE THEORY

Fundamental Strain at Strain at
b a

App roach Method Frequency x - 0, y = b X = _, y 0

.. .... ( tz) (mic ro-i nch/inch- rm s) (mic re-inch/inch- rms)

Analytic Simpliiied theory 182 180(2) 406 (2)
(Beam Functions)

Analytic Finite Element 180 180(2) 348(2)
(REDYN)

Experi- Test Panel 187(1) 96 (3 )  160 (3 )

mental A-G3-B-2

Experi- Test Panel 170 1 )  74(4) 164 (4 )

mental A-GG-B-3

(1) Obtained during damping factor determination under loudspeaker excitation

(2) Strain response to fully correlated, white noise excitation of 1.2 x 10 - 6 psi 2/Hz

13) Strain gage No. 2 reading during 139 db run

(4) Strain gage No. 7 reading during 139 db run

The agreement between the frequency and strain predictions in Table XXIV using
the beam function approach and the finite element approach is satisfactory. The
agreement between the predicted and experimental fundamental frequencies is also
satisfactory. The disagreement between theoretical and experimental strains, while
not desirable, is of the same order of magnitude as discrepancies between theoretical
and experimental stresses reported in Reference 11 in a review of many investigations
of the dynamic behavior of isotropic panels. A partial explanation for the theoretical
strains being higher (approximately by a factor of two) than the experimental strains
is the nonlinear strain-pressure relationship that is implied by the fact that the
fundamental resonance in the 139 db run is at a higher frequency (at approximately
200 Hz) than the resonance (178 lIz -9 Hz) under loudspeaker excitation when the

damping factors were obtained. Another explanation is that the local strain at the
periphery of the cross-stiffened panel may be significantly influenced by the local geom-
etry that has not been modeled in the dynamic analysis by a fine grid. A third explana-
tion is that acoustic pressure may not be considered spatially uniform. The important
observation that is drawn from the results in Table XXIV is that since the theory

overestimates the measured strains, the effect of the finite element grid size is the

least important of the three proposed explanations for the particular panel design.
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VIII. 2. (c) C ross-Stiffened Panels

The linear, finite element program RED iN was also used to predict the fmuda-
mental frequency and strain response at acoustic fatigue sensitive locations near strain
gage No. 2 and No. 7 (Figure 31), in the skin in the central bay of the acoustic test
panels, A-GG-B-2 and A-GG-B-3. The finite element model M-3 (Figure 102) was
designed for the analysis, and represents only one quadrant of the cross-stiffened panel
being anmalyzed. The region of the acoustic test panels that included the -41 graphite-

epoxy doubler was considered to have an insignificant effect on the lowest frequency of
the panel and on the acoustic response of the fundamental mode in the central bay; and
therefore the portion of the test panels that included the -41 doubler was not a part of
Model M-3. The boundary conditions of Model M-3 that were used in the computer
run were chosen to produce symmetrical response about the panel centerlines and
neither deflection nor slope at the other two edges.

In Model M-3, the finite elements that have an edge dimension of 0.50 inch simu-
late a portion of the skin that is supported either by an I-beam on tee section detail;
and the finite elements that have an edge dimension of 0.25 inch were designed to re-
fine the grid in the acoustic fatigue sensitive zones (that include strain gages No. 2 and
No. 7) where the computed strains are of interest.

In the computations with REDYN, the elastic properties of the skin were the same

as used in the analysis of the unstiffened, graphite-epox, plates of the previous sub-

section; the elastic properties of the I-beam and tee section details were 9.01 x 106

psi and G 3.79 x 106 psi (these stiffeners are considered as isotropic beams in
REDYN); the damping factor was 0.017 (which was used in all theoretical response
calculations in this report); and the acoustic pressure was characterized as fully cor-

rt d, white noise with a PSD of 1. 21 x 106 psi 2 !Hz. The pressure PSD was esti-
mated from the data analysis of the pressure applied to panel A-GG-B-3 during the
139 db SPL run.

The calculations obtained with the use of REDYN included a fundamental frequency
(of panels A-GG-B-2 and A-GG-B-3) of 165 Hz and strains, some of which are in Table
XXV. The theoretical strains in Table XXV were at the centroids of elements (with the

25 inch edge dimension) that included the locations of strain gages No. 2 and No. 7.

TABLE XXV. COMPARISON OF NATURAL FREQUENCIES AND STRAINS OF
CROSS-STIFFENED, GRAPHITE-EPOXY PANELS USING FINITE

ELEMENT ANALYTIC RESULTS AND EXPERIMENTAL DATA

Fundamental Strains
Method Freciuency Strain Gage No. 2 Strain Gage No. 7

(lIz) (micro-inch/inch-rms) (mic ro-inch/ inch- rms)

Theoretical 165 304 168
(REDYN)

Experimental 170 (1) 164 74
(Panel A -GG-B-3) 177(1
(1) Different values were obtained for the fundamental frequency during tests to obtain

the panel damping factor.
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There is satisfactory agreement between the theoretical and experimental
frequencies in Table XXV. 'The differences in Table XXV between the theoretical and
experimental strains is not unusual (see the preceding subsection) whea viewed as part
of a collection of data Irom many programs that have been conducted over a span of
several years.

It is believed that the differences between the thoretical and experimental strains
can be reduced in a future program by using a finer grid in the finite element analysis
(a substantially finer finite element grid could not be used in the present version of
REDYN because of limitations on core storage) and Ly accounting in the finite element
analysis for the deviations from the theoretical, fully correlated loading conditions
(finite element computer programs including REDYN have the capability of accounting
for arbitrary pressure correlations).

VIII. 3 DETAILED STRESS ANALYSIS OF BONDED JOINTS

The selection of the shaker test specimen design (i.e., the choice between the
Candidate A-1 and Candidate A-2 type shaker test specimens) was to be based on the
location of the first acoustic fatigue failure of a joint assembly of a cross-stiffened
acoustic test panel. Specifically, it was necessary to predict whether the initial
acoustic fatigue failure of a cross-stiffened test panel would occur at a joint assembly
with the internal structure being an I-beam detail or a tee section.

VII. 3. (a) Analytic Approach

Two cases were investigated in the detailed stress analysis, that is summarized
below, leading to the choice of Candidate A -2 type shaker specimen. The analytic
problem that was formulated in each of the two cases was to predict stresses (at the
individual ply level at the edges of the joint assembly) in a beam that was clamped at
both ends and loaded by a uniform unit static pressure. In Case 1, the beam was of
unit width with geometrical and elastic properties of a section bet-ween the tee section
details (i.e., parallel to the I-beam details) of the nominal 10.0 x 7.0 inch central bay
of the acoustic test panels. In Case 2, the beam was of unit width with geometrical and
elastic properties of a section between the I-beam details (i. e., parallel to the tee
section details) of the nominal 10.0 x 7.0 inch central bay of the acoustic test panels.
The length of the beam in Case 1 is 7 inches and the length of the beam in Case 2 is
10 inches. The clamped-clamped beam boundary conditions were chosen to repre-
sent closely the expected boundary condition of a strip in the central bay of the cross-
stiffened, test panels.

Because of symmetry, only one-half the cross-section was used in the analysis,
and it is shown in Figure 103. A stress analysis was performed at the individual ply
level by considering finite-elements in the individual plies. With this approach, stresses
developed in individual plies and the bonding material were obtained. The detailed
finite-element set-up is shown in Figure 104. A finer mesh was taken near the edge of
the adhesive because of the expected stress concentration effects in this region. The
linear, finite-element program SAAS-I1 (see pa- 5) was used with the plane-strain option.

1i
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The v',,puted stresses in the bonding material and the individual panel plies for
th~e twu case-; are prese ied in Figures 105 and 106. The fllowing obse ations were
iatade fro ni these results:

1. HIigh shear stresses were developed in the bond at the corner point.

2. The ratios of yield stresses to developed stresses show that for Case I the
fir-t fatigue failure is expected to occur in the 90 degree ply of the skin and for Case 2
the tirst fatigue failure is expected to occur in the bond (see the discussion belcw).

Based on these results and the assumption that the material stress-strain curves
.were linco, to the ultimate stress, it was concluded that for the acoustic test panels,

* thc initial acoustic fatigue failure should be expected at or near the tee section stiffeners
rther than at or near the I-beam stiffeners, since the most severely stressed (relative
to yiehI streqses) finite element was in the i)0 degree ply of the skin adjacent to the

adhesive bond (see Figure 104 with the ratio c yield = 0.49 being the critical stress
z max

ratio). The results of this bonded joint analysis was a key factor in the selection of the
Candidate A-2 type shaker specimen. Subsequently, in the fatigue tests of the shaker
test specimens, the fatigue failures did occur in the skin of the 90 degree plies (Figure
87 anAz 88) as predicted by the analysis in this subsection.

3.5 inch with T-section Siitiner
5.0 inch with i-beam stiffener

i z
bono thickness

.005 inch
.025 inch (6 -ply) skin

.025 inch t6-ply) stiffener

0.-4 iiich for T-section stiffener
0.50 inch for 1-beam stiffener

FIGURE 103. CROSS-SEC ION USED FOR STRESS ANALYSIS
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VIII. 3. (b) Elastic Constants

In the previous subsection, results of a detailed stress analysis of two
sections of the cross-stiffened acoustic panels under a static, uniform pres-
sure load were presented. The stress analysis was performed at the indi-
vidual ply level by considering finite-elements in the individual plies. The
individual ply material properties used for stress analysis were computed
by using orthotropic ply properties and ply orientations. These elastic
properties for all the skin and adhesive plies are presented In Table XXVI.

The coordinate system used is shown in Figure 107. The individual plies
are parallel to the Z-0 coordinate plane and the R-coordinate is normal to
the ply plane. The analytic methods for computing Poisson's ratios
V and the shear modulus GRZ for the plies other than 00 and 900 are

described below.

TABLE XXVI. ELASTIC CONSTANTS FOR BONDED JOINT ANALYSIS

PLY _Case 1 - Skin, Adhesive, tee section

ORIEN- E E E GTATION ATERIAL R Z OR V RZ, NO. (psi) (psi) (psi) 6 (psi)

Skin 900 1 1.37 x 10 1.37 x 10 20.2 x 10 0.34 0.34 0.34 194,000

Skin 45' 2 1.37 x 106 3.32 x 106 3.32 x 106 0.442 0.442 0.706 324,000

6 6 6
SAdhesive 3 0.30 x 106 0.30 x 106 0.30 x 106 0.30 0.30 0.30 100,000'

Skin 90, 4 1.37 x 106 2.92 x 106 16.2 x 106 0.41 0.672 0.672 281,000
__ _ 45 _

Case 2 -Skin, Adhesive, I-beam

66 11.37406000Skin 00 1 1.37 x 106 20.2 x 10 1.37 x 10 0.34 0.34 0.0231 974,000

Skin 45' 2 1.37 x 106 3.32 x 10 3.32 x 10 0.442 0.442 0.706 324,000

Adhesive 3 0.30 x 10 0.30 x 10 0.30 x 10 0.30 0.30 0.30 100,000

Skin 0', 4 1.37 x 106 16.2 x 106 2.92 x 106 0.41 0.41 0.1215 541,000
45' 1

1. Poisson's Ratio

Consider a simplified coordinate system (a, B, Z) shown in Figure 108. The
principal orthotropic properties of a ply are along the (1, 2) coordinate
directions at an angle 6 to the (o, 8) coordinates. Coordinate Z is normal
to the ply plane.
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TYPICAL PLY

FIGURE 107. COORDINATE SYSTEM FOR BONDED JOINT ANALYSIS

2 PLY• 1
"a

S ,f, ,2 AXES ARE IN
THE PLANE OF THE PAPER

0 IS THE PLY ORIENTATION ANGLE

FIGURE 108. ALTERNATE COORDINATE SYSTEM FOR BONDED JOINT ANALYSIS
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Consider the case when the uniaxial stress s is applied. The stress com-
ponents along the (1, 2) directions are

2HSI Cos0 so (89)

S2  g-in2 s 8
.2

s12 - (sinOcos ) s a

The strain component in the thickness direction is given by

= /. el3 23 s2n E - 1 E 2 - 2 )( 0

Substituting s 1 and s2 from equations (89) into (90), one obtains
V 13 2 )2_.._ cos% 2

C + _ sin 20  s (91)
1 2

Assuming that

13 23 12

V 12 /E 2  2 si2'
e Cos O +io so (92)

By definition of vn, one obtains for uniaxial loading

Va n
n =-- s (93)

Equating the two expressions for en from equation (92) and (93),

u 12,( E 2 co2o 2
COS E 0o + siflO) E0  (94)

This expression was used to compute numerical values of v and

ZR
given in Table XXVI, by allowing a to assume values of Z or 6, and allowing
n to assume the value R.

2. Thickness Shear Modulus

For the single ply shown in Figure 107, consider the case when only shear
stress component saN is applied. The shear stress components along the

(1, 2) coordinate directions are

SIn = Cos0 s
arnS 2n -= sine s an
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The corresponding shear strain components are

1 :
e 1 (95)In 2GlIn in

1e 2 2=2  2n

The resultant of these shear strain components ean is obtained by using
strain transformation relations. Thus

ean= sin a2n+cos0 ein (96)

Substituting from equations (94) and (95) into equation (96), one obtains,

1 + sin2  cos 2 0 s

1 =i - +s (97)an 2 G2n GlIn] n

With the definition of G aZ and the use of equation (97)

G OS2 + O (98)
an Gn Gin

This expression was used to compute numerical values of GRZ given in

Table XXVI by letting a assume the value Z and letting n assume the value R.

VIII.4 SUPPORTING CALCULATIONS FOR THE DESIGN OF ACOUSTIC PANEL
A-GG-B-2

Calculations that were conducted in changing the acoustic panel design following
the manufacturing and testing of panel A-_GG-B-1 in order to obtain flat, as-manufactured
panels are presented in this subsection.

VIII. 4. (a) Thermal Stress Analysis of Acoustic Panel A-GG-B-1

A simplified thermal stress analysis was performed by considering only the
in-plane thermal deformations for various structural members of Figure 109. Consider
the thermal expansion of structural members from a reference temperature.

Let T = free thermal expansion of i member.

and i= actual expansion of the ith member. Then

T i (aT) L i  (99)
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90' Direction ot the skih 0 :Dieto

_f thsi

j ki

Class dulr n
tiaital

frame

FIGURE 109. SCHEMATIC DRAWING OF NINE-BAY,
CROSS-STIFFENED PANEL A-GG-B-1

The built-up structure is in equilibrium. Therefore, the sum of all the force
* resultants at any cross-section is zero. Thus

E(s A) 0 (100)
j

whereT

Hence,T

E.A. 0 (102)
L.i i

and
E. A. E.Ai 13

6 E6T i1 03

T L

Substituting from equation (9 9) for 6

FaiEl A.
6 6T E 1 (104)

ZL.
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Assuming the same length for all structural members, L i = L. Thus

6- LAT i  =KoLAT (105)

where
o =  E. A,

Thcrefore,

s. E i (K ai) AT (107)

Using equations (106) and (107), the average thermal stresses in any one of the

structural member can be readily computed.

Numerical Results;

Elastic and thermal properties of the structural members of Figure 109 (that
simulates acoustic panel A-GG-B-1) are tabulated below.

TABLE XXVII. DATA FOR THERMAL ANALYSIS

Structural Elastic Thermal Cross--]
Member Modulus Coefficient Section

(psi) (in/in/F) (in 2 )

Skin, 0' 9.0 x 10 lx 10 - 6  0.52

Skin, 900 3.9 x 106 10 x 10- 6  0.75

T-section 9.0 x i06 1 x 10 - 6 0.104

1-beam 9.0 x 106 1 x 10 - 6  0.250

Glass 6 -6
Doubler 3.5 x 10 5 x 10 -6  1.04

Titanium 6 -6
Frame 16 x 10 5 x 10 .85

Using the aforementioned elastic and thermal properties in equations (106) and
(107), the following average stresses in the skin were obtained.

Along 00 direction: sskin = -4620 psi (compressive stress)

Along 90' direction: ski n = +3160 psi (tensile stress)

Upon comparing the above -4, 620 compressive stress with the critical bucking
stress for the 10 inch x 7 inch plate (simulating the central bay of panel A-GG-B-1),
it is determired that the thermal stresses induced in cooling panel A-GG-B-1 from
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250F were sufficient to produce buckling and oil canning. The critical buckling stressof the central bay is determined in the next subsection.

o The use of equations (106) and (107) with the glass doubler being replaced by a

graphite,,epoxy doubler (see Section 1. C. 4) resulted in a thermally induced stress in
the skin of -3, 080 psi of the titanium alloy frame if bonded to the skin at 250F at the
same time that the skin is bonded to the I-beam and tee sections details. Because the
-3,080 psi stress was still high relative to the predicted skin buckling stress, a room
temperature curing adhesive was used in bonding the titanium alloy frame to the skin
in panels A-GG-11-2 and A-GG-B-3.

AII. 4. (b) Critical Buckling Stresses

A buckling stress analysis of rectangular composite 6-ply plates was performed

using the RA-5 computer program (developed under Contract AF33(615)-5257). The
computed buckling stresses for the skin and stem of the tee section are given below.

10- x 7-inch plate - simply supported (simulating the central bay of panel
A-GG-B-1) - 265 psi.

10- x 0.708-itich plate - simply supported on 3-sides, free on one long side
(simulating the vertical leg of the tee sections of panel
A-GG-B-1) - 5480 psi.

The large ratio of 4620 psi to 265 psi is not an exact ratio of the thermally induced
compressive stress (in cooling the panel from 250F to 80F) to the critical stress of
the central bay since the analysis in equations (99) thru (107) overlooks stabilizing
effects of tensile stresses in the panel cross section. Furthermore, the thermal

coefficients of 1 x 10 and 10 x 10 in/in/F of the gr-aphite-epoxy skin and stiffeners
are estimates based on data from different graphite-epoxy systems. However, the
conclusion of this brief analysis was that changes from the design of bonded A-GG-B-1
were needed to obtain flat, as manufactured, panels A-GG-B-2 and A-GG-B-3.

Upon comparing the 5,480 psi critical stress in the stem of the tee section with
the experimental strain data of acoustic panel A-GG-B-1, no change was made in the
tee sections of the acoustic test panels.

I
II
I
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IX. SUMMARY AND CONCLUSIONS

Two useful methods of analysis were developed for predicting the linear, strain
response to acoustic excitation. One miethod (using a simplified theory) was developed
for hand calul.tton predictions of the unirnodal response at the fundamental frequency
oi i i t, r(cctU.j ,ular, orthotropic plate (of constant thickness) subjected to fully
correiated, white noise excitation and clamped on all four edges. The plate was used
to simnulate the central bay of the acoustic test panels for which the predicted funda-
mental frequency and strain response in acoustic fatigue critical locations in the skin
was in satisfactory agreement with experimental values. A drawback in applying the
simplified theory in the design of skins of cross-stiffened, advanced-composite panels
is that there is now no criterion indicating when the simplified theory is applicable.
The development of a simple criterion would be quite useful.

The second method of analysis that was developed consisted of applying an avail-
able, linear, finite element, dynamic stress analysis computer program for predict-
ing the natural frequencies and the multi-modal, stress response in the skin and
internal structure of orthotropic plates sul-ijected to broad-band acoustic pressure
excitation. This method of analysis provided satisfactory agreement between predicted
And experimental fundamental frequencies and strain response in the skin of the acoustic
test panels at low excitation levels (for which the use of linear theory is appropriate).
It appears that this second method which is more general than the simplified method
described in the preceding paragraph, can be developed further and utilized in the
design of both the internal structure and skin of thin-slnned, cross-stiffened,
advanced-composite and metallic panels.

Several conclusions that were drawn from the overall program which contained
three distinct, yet interrelated, phases (namely, an analytic investigation, an acoustic
test program, and a shaker test program) are discussed below.

1. It was demonstrated in the acoustic test program that high quality, thin-
skinned (a 0. 027 inch average skin thickness and a 6 ply, [0/-J 5  Slayup),

cross-stiffened panels (with the largest bay of 10.0 x '1. 0 inch n')rninal edge
dimensions) with graphite-epoxy skins bonded to graphite-epoxy internal
structure can be designed, manufactured, and tested in a high intensity broad-
band, noise environment (166 db SPL) at ambient temperature for an extended
period of time (100 hours) without experiencing major acoustic fatigue fail-
ures. Based on these acoustic test results, it appears that thin-skinned
cross-stiffened panels with advanced-composite skins attached to advanced-
composite or metallic internal structure are attractive for use in high
intensity, noise environments.

Preceding page blank
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2. Analytic methods were developed to predict the fundamental frequency of
flat, rectangular, cross -stiffened, thin-skinned, advanced -composite
panels and the strain response (at sufficiently low, broad-band, acoustic
excitation levels where linear strain versus pressure relations are approxi-
mately correct) at acoustic fatigue sensitive locations. A comparison of the
predicted fundamental frequencies and the strains in the panel skins at low
excitation levels (e.g. 139 db SPL) with the experimental fundamental frequency
and strains in the skins of the flat, acoustic test panels showed satisfactory
agreement in the sense that percentage differences between predicted and
experimental values were approximately the same as the differences that
have been documented during acoustic fatigue investigations conducted with
metallic panels during the last several years. Furthermore, it is believed
that the percentage differences between the predicted and experimental
fundamental frequency and strains in the linear response range can be re-
duced when a finer finite element grid and experimentaily available pressure
correlation data are used in the analytic prediction process.

3. In the experimental program, it was demonstrated that as the sound pressure
level with a broad-band spectrum was increased, the nonlinear effects (as
evidenced by rms strain readings and fundamental frequency observations)
became increasingly more significant. Furthermore, at the highest excita-
tion SPL, the strain response of the fundamental mode relative to the overall
rms response was significantly less than at lower excitation levels. Since
there is no generally accepted theory that is available for predicting the
nonlinear strain-pressure relation, it is still necessary to resort to empirical
methods of predicting strains when the response is nonlinear. Neither an
analytic nor empirical study of nonlinear r.esponse relations was conducted
in this investigation.

4. A linear, static, finite element stress analysis method for predicting the
weakest member of a (skin/adhesive/internal structure) joint assembly was
presented. The location of the fatigued component (the skin in all experi-
mental cases) of the shaker specimens confirmed the predictions. The two
satisfactorily manufactured acoustic test panels, A-GG-B-2 and A-GG-B-3,
did not experience an acoustic fatigue failure in the joint assen:lie7 and,
hence, no comparison of prcdicted and experimental failure location could
be made for the acoustic test panels.

5. The overall rms strain level at acoustic fatigue critical loc-tions was the
parameter used in predicting the life of the acoustically loaded panels.
With this method, the average response frequency based on the spectrum of
the response was calculated for the flat, acoustic test panels; the overall
rms strain was obtained experimentally under the acoustic loading; and then
the panel life under the acoustic loading was predicted on the basis of an
S-N curve obtained in the shacer test program. For the acoustia test
panels, the absence of an acoustic fatigue failure at the joint assemblies
was predicted based on the experimental overall rms strains, and the
absence of an acoustic fatig,.e failure was verified in the acoustic tests of
panels A-GG-B-2 and A-GG-B-3. In general, when the location of failure
is at a joint assembly in a thin skin and possibly in the joint attachment
of an acoustically loaded panel, it appears that the stress at the failure
location results from simple bending and therefore the use of S-N curves
obtained under esseritiallv simple bending conditions (such as the shaker
test pcogram) appcars feasible in the prediction of the panel life.
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6. The data analysis of strain response and the broad-band pressure in the
acoustic tests of panels A-GG-1-2 and A-GCG-B-3 indieated that both the
strain response and the acoustic loading were repeatable to within acceptable
tolerances. This repeatability provided evidence of a satisfactory manu-facturing and testing procedure.

7. Six S-N curves for shaker specimens with different material systems (one

system utilized graphite-epoxy skins in the shaker specimens and the other
system utilized boron-epoxy skins), different attachments (i.e., bonded and
riveted), and different stiffeners (either graphite-epoxy or titanium alloy)
were obtained in the test program. The approach of conducting shaker tests
to obtain S-N data for acoustic fatigue application appears promising since
(1) it appears that the strain at the failure location in the shaker specimens
and the cross-stiffened, thin-skinned, acoustic panels results from simple
bending and therefore the S-N data obtained under less expensive shaker
testing can be substituted for S-N data obtained under more expensive acoustic
panel tests; and (2) it appears practical to conduct a series of shaker tests
and vary important items such as the method of attachment, the orientation
of plies in advanced-composite skins, and the stacking sequence of the plies
in order to obtain experimental S-N data to compare advantages and disadvan-
tages of various types of joint assemblies.

8. Care must be taken in the design of bonded, cross-stiffened, advanced-
composite panels to avoid high, residual stresses (such as were experienced
by the first acoustic test panel) resulting from the cooling from the bonding
temperature.

9. The manufacturing processes that were developed for the graphite-epoxy,
I-beam and tee section details that were developed in this program appear
to be satisfactory for other stacking sequences, configurations, and advanced-
composite material systems.
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APPENDIX A

ADV aNCED-COMPOSlTE MATERIALS

The Fothergill/larvey Courtaulds HT-S/4617 graphite-epoxy 3ystem and the
Narmco 5505 boron-epoxy system were chosen for the test program. These systems
arc expected to be among the prominent advanced-composite systems to be used in
hardware applications during the next several years.

The reinforcenments and epoxy resins met or exceeded the requirements of the
contractor procurement sl3ccifications:

1. Northrop Specification, NAI-1302 - "Prepreg for Structural Composites,
Boron-Epoxy. High Strength, High Modulus"

2. Northrop Specification, NAI-1318 - "Unidirectional Graphite Prepreg for
Structural Composites, High Modulus, High Strength. "

The scope of the specificatiins estailisheb the reqLife-ifentS for the resin-
impregnated multifilament prepreg tapes and cloth products made from high strength
and high modulus boron and graphite filaments. The specifications include physical
property requirements for material acceptance (flow, resin content, and volatiles).
Physical appearance such as fiber spacing, broken fibers, surface condition, and material
uniformity are specified. The prepreg shelf life, room temperature requirement,
and additional mechanical property acceptance levels also are specified.

The Fothergill/Harvey Courtauld HT-S/4617 graphite-epoxy system was purchased
in sheet with nominal dimensions of 48-inch by 12-inch by 0. 005-inch and resin content
of 40 percent by weight. The Narmco 5505 boron-epoxy system was purchased in three-
inch wide tapes with a thickness of 0. 005-inch and 40 percent resin by weight.

The subsequent fabrication procedures applied to the advanced-composite
materials were compatible with the Northrop Process Specifications PL-35 and PL-36.

At the b,.ginning of the experimental program, tests were conducted to obtain
physical and mechanical properties of the Fothergill/Harvey Courtaulds HT-S/4617
graphite-epoxy material. The test results for the uniaxial loading of parallel plied
specimens with the load parallel or transverse to the fibers are given in Figures
A-I thru A-4 and in Data Sheets 1 thru 4. The results of the rail shear test of cross-
plied specimens are given in Figure A-5 and Data Sheet 5. The test results on a
portion of the laminate that was prepared for acoustic panel A-GC-B-1 are given in
Figure A-6 and Data Sheet 6.

After shaker specimens had been fabricated and fatigue failures were obtained
in the specimen skins during the shaker test program, six-ply [90/-L45]S , graphite-

epoxy and boron-epoxy specimens were fabricated for static tests with the principal
objective )ing to obtain static ultimate strains for comparison with the rms fatigue
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strains that were obtalned in the shaker test program. To complete the static test
program, six-ply [0/+45] S graphite-epoxy and boron-epoxy specimens were also

fabricated for tests to obtain strength and stiffness data, which are in Figures A-7
thr A-10 and Data Sheets 7 thru 10. The graphite-epoxy test specimens in Data Sheets
7 and 8 were sectioned from a center section that had been removed from a six-ply
component of the graphite-epoxy doubler of panel A-GG-B-3. (The skins of several
graphite-epoxy shaker specimens were obtained from center sections of graphite-
epoxy doublers of acoustic panels A-GG-B-2 and A-GG-B-3.) The weight density of

the graphite-epoxy laminates was 0.0504 lb/in

A summary of the various tests to obtain physical and mechanical properties is
in Table A-1. Results from tests reported in Figures A-6 thru A-10 are in Table A-2.

TABLE A-1. LOCATION OF TEST SUMMARIES

Data No. of Loading LaminateFigure Sheet Specimens Force Orientation Description

A-i 1 5 Uniaxial tensile Parallel to fibers 8 parallel plies,
graphite-epoxy

A-2 2 3 Uniaxial tensile Transverse to 8 parallel plies,
fibers graphite-epoxy

A-3 3 5 Uniaial Parallel to fibers 16 parallel plies,
compressive graphite-epoxy

A-4 4 3 Uniaxial Transverse to 16 parallel plies,
compressive fibers graphite-epoxy

A-5 5 3 Rail shear Parallel & trans- [(0/90)415
verse to fibers graphite-epoxy

A-6 6 4 Uniaxial tensile Parallel to [0/45 ] S
laminate 0 degree g ite
direction

A-7 7 5 Uniaxial tensile Parallel to [0/:45 ] St
laminate 0 degree
direction graphite-epoxy

A-8 8 5 Unlailal tensile Parallel to [90/+451 SP
laminate 90 degree graphite-epoxy
direction

A-9 9 5 Uniaxial tensile Parallel to [0/+45 1 St
laminate 0 degree boron-epoxy
direction

A-10 10 5 Uniaxial tensile Parallel to [90/±451 St
laminate 90 degree boron-epoxy
direction
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TABLE A-2. SIX-PLY SPECIMEN UNIAXIAL TEST RESULTS -

Ply Load Average Aerage

Item Figure Material Lay-up Direction Tensile Ultimate Average Poisson's
Modulus Strain Thi,,kness RationS_

(degree) (degree) psi) (micro-inch Onch)
I per inch)

1 A-6 Graphite- [0/-45]S 0 9.0 x 106  1,900 0.028 0.63
( epoxy

2 A-7 Graphite- [0/±45] S  0 9.4 x 106 6,800 0.027 0.64
epoxy

61 3 A-8 Graphite- [90/E45] 0 3.4 x 10 9,300 0.027 0.23
epoxy

4 A-9 Boron- [0/:L451I 0 10.6 X 10 6,500 06
epoxy

A-10 Boron- [90/,45] 0 4.5 x 10 4,100 0.29

epoxy _ _. _

(1) The Poisson's ratio is the induced strain that is 90' from the load direction

resulting from an applied strain in the load direction.

For Figures A-1 thru A-5, s is the standard deviation of the ultimate strengths,
v is the ratio of s to the average ultimate strength, 5 is the average ultimate

avg
strength, and a solid circle denotes the ultimate stress and strain.

The average of the stiffness properties from Figures A-1 thru A-5 are summarized
below with Ell E9, G, and v describing the elastic properties of the parallel-plied1' 2' '
orthotropic laminates. The 1 and 2 direction are the principal elastic directions.

E 1 
= 23,000, 000 psi (tension)

E --= 22,400,000 psi (compression)

E 2 = 1,460,000 psi (tension)

E 2 = 1, 600,000 psi (compression)

G = 1,000,000 psi (rail shear)

S=0.34
1
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The averages of the ultimate strengths from Figures A-1 thru A-5 are
summatrized below:

a, = 182, 100 psi ensile ultimate)

= 147, 700 psi (compressive ultimate)

*2 -- 5,820 psi (tensile ultimate)

* = 37,700 psi (compressive ultimate)

= 19,700 psi (rail shear ultimate)
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1250

1001-

182.1 ksi
,4 avg

s =29.2 ksi (n 5 speci.
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v =12.67.

-- Fiber Volume -61.39% -

.

Resin Content -31.5%.

0 Specific Gravity -1.578

25.

2000 60b0 80%0OM

e STRAIN (micro-inch/inch)

Stress-Strain data for 0 0 applied tension loading.
Fothergill/Harvey Courtaulds HT-S14617.
Unidirectional (00) ST.Laminate fiber orientation.

FIGURE A-1. LONGITUDINAL TENSILE STRESS-STRAIN DATA-
UNIDIRECTIONAL LAMINATE
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6
avg 5.82 ksl

s : 2.4 ksl (n 3 specimens)

0 Ebest fit 1.46 msi

-v = 41%
£4.

" O Fiber Volume 61.397.

Resin Content 31.57.

o Specific Gravity - 1.578

-J

bx

0

2066 400 6060 80oo iooto

e STRAIN (micro-inch/inch)x

Strean-Strain data for 00 applied tension loading.
Fothergill/Harvey Courtaulds HT-S/4617.
Transverse (900) S Laminate fiber orientation.

FIGURE A-2. TRANSVERSE TENSILE STRESS-STRAIN DATA -

UNIDIRECTIONAL LAMINATE
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35

30 AD

25 0
aravg 37.7 ksi

s z 0.9 ksi (n =3 specimens)

20 Ebest fit -'1.6 msi- _-

v =2.4%

Fiber Volume - 64.15%

'-4 -Resin Content - 28.5%

Specific Gravity - 1.579

L0

x 5

106830 20000 30000 40d00

e xSTRAIN (micro-inch/inch)

Stress-Strain data for 00 applied compression loading.
Fothergill/Harvey Courtaulds HT-S/4617.
Transverse (.900 ) 1TLaminate fiber orientation.

FIGURE A-4. TRANSVERSE COMPRESSIVE STRESS-STRAIN DATA-

UNIDIRECTIONAL LAMINATE
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. v i 3,0%
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~Fiber Volume - 57.83%

W Resin Content - 34.7%

5 E) Specific 'ravity - 1.55h

0

0

100o0o 20000 300(q0 400b0

xySTXAtNI (mtcro-inch/inch)

Shear Stress-Strain data for rail shear applied loading.

FotheriJ I l/Harvry Courtaulds HT-S14617.

[(0/9)4 S  aniir te fiber orientationI FIGURE A-S. RAIL SHEAR STRESS-STRAIN DATA
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NORTHROP _____________________________Aircraft Division

60- I -

500

40.0

GOCA_

30 0
En E" *9.01nsi

Fiber Volume -56.14.

I I Resin Coritent -36.59%

20 Specific Gravlity - 1.55~
Void ntrent -- 0.677.

101'

2000 46(10 6000 8000

e STRAIN (micro-inch/inch)

00 Applied Tension Stress-Strain Curve Data.
Courtaulds H-T-S/4617 (Fothergill-Harvey).

Crientation -[Q/±4 3JS 6-ply Laminate.

FIGURE A-6. LONGITUDINAL TENSILE STRESS-STRAIN DATA Ot 6-PLY LAMINATE
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DATA SHEkIr I
FTL TARY LAMINATE STATIC PROPERTY DATA

Material Laminate
System: CourtauLde HT-S/4617 Orientation: _ __ _S

Loading Type Number
Orientation: 0 Loading: Tension of Plies: 8

Test Specimen Applicable

Description: 1/2 X 8 per IT-58 Specification Specification: IT-58

Testing 0

Temperature: RIT F Soak at F for _ _Hre. minimum.

PROPERTY Batch No. SF-X

Spec. Ident. SF-5F-2 S -3 SF-. __-5Avg.

F 85 85 97 75 95

STRESS F t
LEVEL 187.3 198.3 202.2 192.0 130.7 182.1

(ksi) F2/3 cult 123.5 130.9 132.5 125.1 86.2

MODULUS E or G
(mai) (initial) 23.8 24.4 24.: 22.0 22.2 123.

Proport. 3600 350 4001 3400 4300 3800

Limit 12 -720 -130 -1750 - - -1250
Strain Strain
Levels 4

in/in Failure
Strain 7400 7900 7950 8200 5830 7450

Specimen Thickness (in.)0er. measurement req' t 0.033 0.035 0.036 0.035 0.0-0

Laminate Resin Void
Fiber Volume: 61.39 Content 3. .% Fraction Sp.G. 1.548

LAMINATE: Tape or Matrix
Description Fother ill/Harvey Courtaulds HT-S/4617 48" X 12" tapes

(3 hrs @ 3500F)

Manufacturer Fotherji /Harvey Cure Spec PL-36

Date of Date of 9/14/70
Test 8/3/70 ReductionI Org'nr 3772

Comments: 'Modulus determined by least-squares best fit of experimental data.
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DATA SHUT 2
FILNFXARYLAdNAI STATIC PRCFERTY ATA

Mate rial. Laminate (0)
SysteM%_.arrt:j R T..QILf.I7 Orientation:___________

Loading Type Number
Orientation: 00 Loading. Tension of Plies: .L..
Test Specimeen Applicable
Description: 314" X 51, No tabs Specification: IT-58

Testing
Temperature: RIT 10F Soak at _____F for _____Hra. udnimujm.

PROPERTY Batch No. SF-2 __________

Spec. Ident. 2-1 2-2 2-3 2-4 __ ___

- - - _F

Fp1  none none none

STRESS F88 .0 29
LEVEL _ _ _ _ _ _ _ _ _

(kei) F N/A d otes that the
2/3 cult N/A N/A NIA stres s train curve I

ODUWSJ E or G
(Mai) (initial) ____ ______

velort se

Ppecimen Thickness (in.)

iber Volume: 6.9 Content...2.L.....% Fractio Sp.G.157

LAIATE: Tape or Matrix Courtaulds HT-S/4617 48"1 X 12"1 prepreg tapes
Description

Fothergill/Harvey PL-.36
Manufacturer_______ _____ Cure Spec

Date of Date of 37

Test 8/3/70 Reductio - 9/14/70 ri 37

Comments: The large spread in data can be attributed to the high fiber volume

which results in low transverse strengths.
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DATA SHEET 3
FTLAMTARY LIHATE STATIC PROPERTY DATA

Material Laminate (08)
System: CourtauldO HT-S14617 Orientation: BS

Loading O' Type Number
Orientation: ____ Loading: Compression of Plies: _ _6

Test Specimen Applicable

Description: / X 4-/ No tabs Specification: LT-58

Testing
Temperature: RfT OF Soak at F for ______Hrs. minimum.

PROFP2WTY Batch No. SF-3
Spec. Ident. 3-1 3-2 3-3 3-4 3-5 Av_ _

Fpl 80 80 76 70 65

STRESS Fut 1456 145.6 152.0 148.0 147.5 147.7
LEVEL
(ksi)

F2/3 cult 100.0 98.5 107.0 102.3 103.0

MODULUS E or G
(mai) (initial) 21.4 23.0 22.9 21.4 23.0 *22.4

,= ~=_

Proport' I 2 3700 3500 3300 3300 2800 3300

Limit E2 . . . ..
Strain StrainLevels
Sin/in Failure

Strain 7000 6600 7000 7100 6900 6900

i 3pcimen Thickness (in.per. measurement req' 0.062 0.062 0.0 0.061 0.068

Laminate Resin Void

Fiber Volume: 64.15 Content 28.5 Y Fraction Sp.G. 1.579

LAMINATE: Tape or Matrix Fothergill!Harve; 5ourtatulda HT-S/4617 48" X 12" tapeDescription-

Manufacturer Fothergill/Harvey PL-36

Date of Date of

Test 8/3/70 Reduction 9/14/70 Org'._ 37 7 2

Comments:*Modulus determined by least-squares best fit of 2xperimental data
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DATA SHEET 4

FILAMJ4TARY LAMINATE STATIC PROPERTY DATA

Material Lwminate (90
System:_Courtaulds HT-S14617 Orientation: 8 S

Loading O Type Number
Orientation: Loading* Compression of Plies: 16

Test Specimen 1/2" X 4-1/2" No tabs Applicable IT5
Description: Specification:
Testing 

!/

Temperature: F Soak at _F for Ers. minimum.

PROPERTY Batch No.

Spec. Ident. 3-11 3-12 3-1 3 Avg.

Fpl 21.5 22.0 17.5

STRESS Fult 38.6 36.9 37.5 37.7
LEVEL
(kei)

S2/3 cult 30 30 30
-- _ -

MODULUS E or G
(msi) (initial) 1.7 1.7 1.5 *1.6

Proport: el 1. 13000 12500 11500 12300

Limit E2
train Strain
Levels

in/in Failure 27500 27000 29000 27800
Strain

pecimen Thickness (in.) 62 0.064
p per. measurement req'd 0.062 0.0641

Laminate Resin Void
Fiber Volume: 64.1, Content. 28.5 % Fraction Sp.G. 1.579

AMNATE: Tape or Matrix
LAaertri x Fothergill/Harvey Courtaulds HT-S/4017 48"X12" tapesDescriptionk

Manufacturer Fothergill/Harvey Cure Spec PL-36

Date of Date of
Test R/I/70 Reduction, 9/14/70 Org'nI 3772

Comments: *Modul.us determined by least-squares best fit of experimental data
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DATA SHEET 5
FILAMDTARY LAMINATE STATIC PROPERTY DATA

Material Laminate [(0/90)41

System: Courtaulds TS/46l7 Orientation: S

Loading Type Number
Orientation: N/A Loading: Rail Shear of Plies: 16

Teat Specimen Appli cable
Description: 3" X 6" (3 element gage used) Specification: IT-58

ITeting .RiT o- 0

Temperature: F" Soak at _F for _Hrs. minimun.

PROPERTY Batch No. SF-4

Spec. Ident. 4-1 4-2 1 4-3 Avg.

Fpl 5.0 4.5 5.2- -

STRESS Flt2
LEVEL F _20._ 20.0 19.0 19.7
(kai) -

F213 C1lt 17.7 17.5 15.0

MODULJS E or G
(mai) (initial) t 1 .0 1 0 *1.0

C451 4600 4400 5200 4700
Proport,Limt as

Strain Strain
Levels

A in/in Failure 3
Strain 38500 39000 390GO 39000

pecimen Thickness 
(in.)

per. measurement req'd 0.066 0.067 0.065 1
Laminate 57.83 Rssin Void
Fiber Volume:.__j 3 LL % Content % Fraction_ Sp.G. 1.558

LAMINATE: Tape or Matriy I-.T-S/4617 48' X 12" prepreg tapes
Description Courtaulds

Manufacturer Fothergi it/Harvey Cue Spe L-36

Date of Date of
Test A/1/70 Reductio 9/14/70 Org'% 3772

Comments: *Modulus determined by least squares best fit of experimental data.
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DATA SHEET 6

LMFT ARY LAMINATE STATIC PROPERTY DATA

Material C4 Laminateto "o....Courtaulds HiT-S/4617. ..- -S
System._ _ __ Orientation: ._.

Loading Type Tnsion Number 6
Orientation:._ _________ Loading: Tension of Plies:_

Test Specimen Applicable
Description: 121 X 8. with 2-1/2 X 3/4 Tnper Specification: IT-58

Testing ,
.Temperature: _F Soak at - - , for _Hrs. Yrnim i .

PROPE~RTY Batch No. SF-5
Spec. Ident. 1 2 3 4 ____._

F 1  Not A pront ftom Stress-Stra n Curvl

STRESS FultLEVEL 77.2 73.1 62.9 65.2 69.6

(ksi) F 2 /3  Ult 51.1 49.2 42.9 41.3 46.1

MODULUJS E or G
(Mai) (initial) .6 9.11 8.9 7.8 9. 0

Proport l R 6 Vi -R. = 1.
Limit E

train Strain , __onen_ Fratin _ _ Sp.G_..... .
Levels

Din/in Failure 7800 8100 7500 820- 47850Strain

Ppecirnen Thickness (in.)
emr. measurement reql 0. 029 0.029 0.02e 0.027 0.0281

JLaminate 56.14% Resin 36.58%. Void -0.67 1.558

riber Volwme: otet Fraction_______ Sp.G.

LMI :Tape or atrix" hergi ll/H.arvey CHT-S/4617 12' X 48" rapesAT:Description_

Manufacturer Fotherkill/Harvev Cure Spec PL-36

Date of 9/23/70 Date of 10/2/70 3772
Test Reduction n

Comments: *Modulus was calcilated using best-fit least-squares method on data.
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DATA SHEET 7'
FILAMTARY LANQ Z SITATIC PROPERTY DA A

Material Laminate 11
System: Courtaulds HT-S/4617 Orientation: [0/+451_

Loading Type Number i
Orientation: O_ Loading: Tension of Plies: 6

Teat Specimen Applicable
Description: ' X 8" Specification: 1T-58

Testing
ITemperature: R/T F Soak at F for _Hrs. minimun.

PROPERTY Batch No. SF-4G _

Spec. Ident. 1 2 3 4 , 5 ____

_ _ _ N/A -v.

STRESS F j:EV. . F ___ 57.1 62.4 71. 74.8 60.3 65.1L N/AF203 .6t 0A.0

MODUUS E or G .
(Mai) (initial) 8.50 8.65 9.85 10.61 10,O2 9.41j

Proport__ _.._

Limit __2

Strain Strain _ _._

Levels ___

4 in/in Failure
i Strain 6916 7380 7439 7113 5979 6965

Specimen Thickness (in.)
Exper. measurement req'd .025 .025 .024 .027 .027

Laminate Resin VoidFiber Volume : %Content % Fractiont Sp. G.

LAMINATE: Tape or Matrix
Description

Manufacturer Cure Spec

Date of Date of
Test 6/17/71 Reduction 7/1/71 OrgL 3772

Comments: *Best fit - least squares
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DATA SHEET 8

FILAMTARY LAMINATE STATIC PROPERTY DATA

Material Laminate
System- Courtaulds HT-S/4617 Orientation: :90/± 45]

Lo ad i Type Number 

Orientation: 0' Loading: Tension uf Plies: h

Tost Specimen Applicable
Description: ," Specification: IT-58

iTestin0
[Temperature:_ R/" F Soak at OF for _Hrs. Trinimur.

F -r-RY 3tch No. F4

Spec. Idtnt. 6 7 8 9 10 ____ __

Fp

TRZSs FultLEVEL 27.2 26.6 27.9 25.5 27.8 27.0
(si)F

F2 /3 cult

MODULJS E or *

(M5i) (initial) 2.98 3.43 3.08 4.49 3.37 3.37

Frono rt E

Limit __
Strain Strain E _.__

Levels
,kin/in Failure

Strain 12080 9350 9800 6260 901') 9300

Specimeri Thickneas (In.)1
our. mneasrement r e ,2b .0 8 .027 .029 .027

Laminate Resin Void
Fiber Volume: " Content________% Fraction_ SpG.

YJXINATE: Tape or MatrU-3
Deasciptior,

Maz,ufactu- r Cure Spec

Date of Date of
Test 6/17171 Poductior 7/1171 Org I ni 3772

Comments: * B-et fLL - leas, squares
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FjLW,&Y &NT ?)TL PROP,%TY D6A4

Don_;rtio-; Specification: -5

H 3 atch No. SF-4B

S'cec. l.1nt. 3 4 5 ___ 'g

SFp~ F___

_________ 68.f4 1 669 68.7 56.9 73.6 66.9

(kri) ll ~ it___

MODrJIS E or G
(Mai) (initial.) 11.11 10.37 11.34 1.0.12 10.80 ____10. 60

..n/in Faiure

Strain_ j~f 65L9 6709 6538 5449 7278 6499

xper. nteaauraniert re, I 03 .035 1.034 .034 .034

natc Resin void
ierolumo : Content______ Fractio5  Sp.G.

[AIINATIE: Tape or Matrix
Descriptio

Manufacture_____________ Cure Spec

Date orD&t~e of
Tast h/16/71 Reuc tio ZLZ 7/1/71 2 1,...

O~r&:L8~ Bst fit ______ -ua-
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DATA SHEET 10

FIULHTAX LAMINATE STATIC PRERTY DATA

Material Laminate
System: Narmco 5505 Orientation: 19o1±4V.1

Loading Type Nmber
Orientation: 01, Loading: Tension of Plies: 6

Tast Specimen Applicable
Description: 8"X No Labs) Specificati)n: tT-5H

Testi ng Or
Temperature:_R/T F Soak at for Hrs..drimum.

FR0OiRTY Batch No. SF-4B

Spec. Ident. 6 8 . 10 A•vg.

F p1

STRESS F
LEVEL ult 16.18 L8.65 15.91 16.35 17.86 17.5
(ksi) FF2/3 i

MODUUS E or G *

(msi) (initial) 4.48 4.44 4.S3 4.59 4,55 4.52

Proport_
Limit " _2

Strain Strain C . r
Levels
_ _in/in Failure

Strain 4079 479e 3810 3810 4427 4185

pecimen Thickness (in.)
er. measurement re' . 03 2 .2 32  .033 .033

Laminate Resin Void
Fiber Volume: J Content J Fraction Sp.G.

LAINATE: Tana or Matrix
Deecriptio.

Manufacturer Cure Spec

Date of Date of
Test 6/1h/71 Reduction 7/1/71 Orgtri 3772

Comments: * Best fit - least squares
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theory for hand calculation predictions of dynamic stresses in an unstiffened orthotropic plate subjected to a spatially uniform,
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